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Preface 

This publication, the 12th part of a group of publications dealing with the 
hydraulics of closed conduit spillways, reports tests on the two-way drop 
inlet. The previous 11 parts were published as technical papers under the major 
title "Hydraulics of Closed Conduit Spillways" by the St. Anthony Palls Hy- 
draulic Laboratory (SAFHL), University of Minnesota, Minneapolis, Minn. 
The earlier publications are: 

Part I. Theory and Its Application, by F. W. Blaisdell. SAFHL Tech, Paper 
No. 12, Ser. B, 22 pp., illus., Jan. 1952 (rev. Feb. 1958). Gives theory, 
symbols, and bibliography. 

Parts II through VII. Results of Tests on Several Forms of the Spillway, 
by F. W. Blaisdell. SAFHL Tech. Paper No. 18, Ser. B, 50 pp., illus., March 
1958. Parts II through VI describe the hydraulic performance and present dis- 
charge coefficients for five forms of the closed conduit spillway; Part VII 
discusses vortices and their effect on the spillway capacity. 

Part VIII. Miscellaneous Laboratory Tests; Part IX. Field Tests, by F. W. 
Blaisdell. SAFHL Tech. Paper No. 19, Ser. B, 54 pp., illus., March 1958. 
Reports tests on models of specific field structures and on field structures 
themselves. 

Part X. The Hood Inlet, by F. W. Blaisdell and C. A. Donnelly. SAFHL 
Tech. Paper No. 20, Ser. B, 41 pp., illus., April 1958. Reports the development 
of the hood inlet. 

Part XI. Tests Using Air, by F. W. Blaisdell and G. G. Hebaus. SAFHL 
Tech. Paper No. 44, Ser. B, 53 pp., illus., Jan. 1966. Discusses the use of air 
for tests of closed conduit spillways, 



Summary 

This report presents the results of experiments on a rectangular drop inlet 
having a width equal to the barrel diameter, a flat bottom, and a fiat, hori- 
zontal antivortex plate supported above the drop inlet crest by extensions 
of the drop inlet endwalls. This structure is called a two-way drop inlet be- 
cause the water enters over only the two sides of the rectangular drop inlet. 
The experiments were conducted as a generalized study; that is, all dimen- 
sions are expressed in terms of the pipe diameter and the results are applicable 
to any size structure that is geometrically similar to the structure tested. 

Two separate apparatus were used to expedite the test program. In one, 
the test fluid was water; in the other, it was air. Inlet capacity, pipe priming, 
and vortex phenomena were studied using water. Entrance loss and pressure 
coefficients for various inlet proportions were studied using air, since full pipe 
flow tests can be conducted more advantageously with air than with water. 
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Introduction 



The two-way drop inlet is used as an entrance 
to closed conduit spillways. The drop inlet, shown 
in figure XII-1, is rectangular. Water enters the 
inlet over the two sides that are parallel to the 
pipe axis, hence the name "two-way drop inlet." 
The endwalls are extended upward and outward 
to support a flat, horizontal antivortex plate over 
the drop inlet crest. Trash racks can be con- 
veniently mounted on the extended endwalls and 
outer edges of the antivortex plate. 

The two-way drop inlet is used by the Soil 
Conservation Service (SCS) as a closed conduit 
spillway entrance for upstream flood prevention, 
watershed protection, and water conservation 
reservoirs. The self-regulating siphonic action of 
the antivortex plate provides a relatively constant 
reservoir level over a considerable range of dis- 
charge a characteristic that is particularly de- 
sirable to preserve reservoir storage volume to 
reduce the flood peak or, if the reservoir is used 
for recreation, to reduce the reservoir surface 
variation for the more frequent floods. The anti- 
vortex plate is also a desirable safety feature 
because it discourages injudicious access to the 



1 Research by the St. Anthony Falls Hydraulic Labo- 
ratory Conservation Structures Investigations Unit, Agr. 
Res. Serv., U.S. Dept. of Agr., in cooperation with the 
Minn. Agr. Exp, Sta. and the St. Anthony Falls Hy- 
draulic Lab., Univ. of Minn., Minneapolis. 



drop inlet. On the other hand, if economics dic- 
tates 'that a two-stage inlet be used, low-stage 
orifices can be incorporated into the drop inlet 
walls. The two-way covered drop inlet concept 
originated with M, M. Gulp, now chief, Design 
Branch, Engineering Division, SCS, when he was 
head of the Engineering Standards Unit in 1951. 
The study reported here refines and expands the 
design concept. 



Drop Inlet Description 



The two-way drop inlet is illustrated in figure 
XII-1. The drop inlet models were made of trans- 
parent plastic, For the water tests, the barrel in- 
side diameter D was 2.25 inches. D was 3 inches 
for the air tests. 

The drop inlet width W was equal to the bar- 
rel diameter for all tests. 

The drop inlet height Z, was 5D for all air tests. 
Heights of 5D, 4D, 3D, and 2D were used in the 
water tests to determine the minimum height at 
which the pipe would prime satisfactorily. 

Drop inlet lengths B of ID, 1.5D, 2D, 3D, 5D, 
and 10D were tested using both water and air. 
Most of the drop inlets were built 10D long. 
Shorter inlets were formed by inserting a false 
wall into the drop inlet at the proper location to 
give the desired length. 

The bottom of the inlet was flat and horizontal. 

Crest thicknesses t e of 0.111D and 0.444D were 
used in the water tests, and thicknesses of 0.104D, 
0.157D, 0.242D, 0.331D, 0.500D, and 0.658D in 
the air tests. In all tests the outside edge of the 
crest was square. The inside of the crest had a 
radius r of one-half the crest thickness as shown 
in figure XII-1. 

The antivortex plate overhang U is measured 
outward from the outside of the drop inlet as 
shown in figure XII-1. The length of the anti- 
vortex plate is the same as the drop inlet length 
B. The antivortex characteristics of the plate were 
determined in the water tests for plate overhangs 
of 0.4D, 0.6D, 0.8D, l.OD, 1.5D, 2D, 3D, and 4D. 
The effect of plate overhang on the loss coeffi- 



cient was evaluated in the air tests for U values of 
0.295D, 0.506D, 0.753D, l.OOD, 1.41D, 1.5D, 2D, 
3D, and 4D. 

The antivortex plate height Z p is the distance 
from the drop inlet crest to the bottom of the 
antivortex plate. A recommended range of values 
of Z p over which good inlet performance prevails 
was determined in the water tests using plate 
heights ranging from 0.1D to 1.4D. Nominal plate 
heights of 0.1D, 0.2D, 0.4D, 0.6D, and 0.8D were 
used in the air experiments. 

The sine definition the vertical drop divided 
by the slope length of barrel slope S was used. 
All water tests were conducted at a slope of 
20 percent. Slopes of 0, 2.5, 5, 10, 20, 30, and 40 
percent were used in the air tests. 

For the water tests, the barrel entrance was 
square edged. For the air tests, both a square- 
edged and a grooved entrance were used. Two 
types of square-edged entrances were used. The 
square-edged barrel inlet shown in figure 
XII-1 (a) and labeled "a" in table XII-1 had its 
invert at the level of the drop inlet bottom and 
its crown in the plane of the downstream endwall. 
The square-edged barrel inlet shown in figure 
XII-1 (b) and labeled "b" in table XII-1 had its 
invert at the level of the drop inlet bottom but its 
crown was offset D/8 in the plane of the inlet 
face from the downstream endwall. The details 
of the grooved entrance labeled "c" in table 
XII-1 are shown in figure XII-1 (c). The dimen- 
sions closely correspond to the American Society 
for Testing Materials Specifications C 75-41 and 
C 76-41 for reinforced concrete pipe. 



Test Apparatus, Test Procedure, and Analytical Methods 



The apparatus, test procedure, and analytical 
methods used with the water experiments were 
essentially the same as those described in Part X 3 



of this series of technical papers. The air ap- 
paratus and testing procedures have been de- 
scribed in Part XP. 



Test Data 



The test data are summarized in table XII-1. 
Included are the series number, the prefixes W- 
denoting tests with water, and A- .denoting tests 
with air; the geometry of the two-way drop inlets 
tested; pertinent notes on the performance of the 
drop inlet; the observed average energy loss co- 



3 See references listed in Preface for complete citation. 



efficients for the drop inlet crest K c , the barrel 
entrance K t) and the complete entrance K fl for 
each series for which they were determined; 
energy loss coefficients computed using the equa- 
tions and rules developed from the tests; the 
percentage deviation of the computed coefficients 
from the experimentally determined average co- 
efficients; and the ratios of the local pressure head 
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(a) Square-edged barrel 
entrance a 



(b) Square-edged barrel 
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FIGURE XII-1. The two-way drop inlet. 



deviations from the hydraulic grade line h n to the 
velocity head in the conduit h vp at the crown and 
invert of the conduit D/2 from the drop inlet. 

Some of the Notes in table XII-1 require 
explanation. 

Many of the water tests were made primarily 
to determine the spillway performance. The pres- 
ence or absence of vortices was used as a measure 
of the performance of the antivortex wall. The 
Notes, "p, No vortices," "a, Small vortices," "t, 
Weak vortices," or "r, Surface vortices" indicate 
that the vortices had no measurable effect on the 
spillway performance. The presence of "q, Vor- 
tices" or "u, Strong vortices" adversely affected 



the spillway performance and indicated that some 
feature of the drop inlet was not satisfactory. 

The Note, "y, OriHce flow at crest," indicates 
that the opening between the antivortex plate 
and the crest acted as an orifice to control the 
flow, and that the height of the antivortex plate 
above the crest was so low that the spillway per- 
formance was not satisfactory. 

A surface tension depressant was added to the 
water for series W-311 through W-314 to deter- 
mine the effect of surface tension on the spillway 
performance. The Note in table XII-1 is "o, Sur- 
face tension test." 

The Note, "v, Inlet vibrates," indicates that 
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3 



r-C 

.1. 



Q a 

v C^ 

Q Q 
II II 



O O 
II II 
Q Q 



I 1 ' 



cq en 
in t-' 



o ro 

ID (SI 






O < CO 
O co to 



to t> to to 



rH O CD 05 

^ 9 CO CO 



to to co T* ^ 



XI 



?y r^ co 



<> CM O) CO 



SR S3 fi , S^^. ^^ 

co j in to cq m t> 



CO rH ^ O O 

01 c\i co oj -; 

CO t> 1-i r-J 









8 8 



CD to ID (D 10 

1-1 r-H r-H ^ f, 

to in m w w 



o 

N N W W W W 



w 10 10 w to 



Cv) W N W 



.OLO.OIOIO 



N d M CM CM 04 IN M OOOOO 





























S 


5 S 


5 in in cv 
o o c 


4 C> 
3 C> 


3 










CO M C> 

o o c 


i w 

1 


i 


8CO O i r < O^HC^ICO OJ yj Ls 
rH Q f^t ^J ^3 ^^ ^3 C^ ^^ ^^ C 




























C 
c- 


3 

1 ur 
) a 


1 1 
) i^ in c 

1 CO CO O 


H 
3? 


_ 

? 










1 1 H 

t-- Tf U 

a> oS a 


M 
U 


i 

f 


OOCGOOCOCO oococn&ien cno 


t T 


f - 


4 n 


1 


T 


* e> 


1 C 


2 a 


n 










C 


3 


t 1 

O CO 














1 1 









1 - 


H r- 


-i f 


3 


T- 


H I 


7 


^ c 


3 














tM 














in r-; 








r> a 

C- 


^ 


D - 

f t 


-1 
f 


' 

C 
P 


n a 

1 C- 


?s 




< 
f 














to en 
S to 














1 1 
SS 








?? 


^ 


1* 


3 


T 
t 


^ 


?!! 


? v 

$ * 


? 


^ 
; 


S5 


n 


H 


? 




IO rH O 

!s t> ^ 


3 a 

f 


3 










O O i- 
l*^ !> O 


H a 

3 i- 


) 

H 


(MtD-^fOO MNCOCJlO ' C 
(OUJCDlBlD (OtD^Oin'O tOCC 


^ 

?s 


i* 

?s 


^ 

?s 


^ 
* 


3 rf 




^ 

o 
1 ' 


^ 

*s 


3 4 
3 4 

J C 

f 


3 

3 

? 


' 

C 

T 


3 I 

|1 - 


3 ' 
35 


^ 

* C 
f T 


3 
* 




en in 
r-i in 

1 I 

r-l rH 

in in 

in io u 


r- 
") f 


-i 
ft 










00 O 
CO ' 

1 

(H i-l 

in in 

CO I-H - 

in in U 


5 


-1 










* 
























* 























, 
^343434343 



43 43 43 43 
43 43 43 J3 



4- 



co 

C-J 

Lfi 



a 



oooo 



oqqq qqqqq qqqqq qqqqq qininm.q qq ,_j 

^^^tl^ ^^d'^j'-* CO'COCOCOCO COCOCOWM W^HrHrHr-l r-<r-t p^ 



w w 10 in m tomirt'OLn mminiom in in 10 m in Loioiomm lomininm minmiom 10 in m 

OOOOO OOOOO OOOOO WMMCvlC<l M W N N W W N W W W NWOlCvliM MCMW 



"! -! ^ 
i 



co 



co 



d 



gj 5333 3 



00 E; in 

^^}'~! 

QfHtH 



p co p M NO 

CO -rj! td W 00 N 



co in 



oj cj en oo co <0 

II I I I I 

q co p N oq 

77 7 , | I 



t t- in to to ^ 

oo co co co co co. 

I I I I I I 

w 53 m rH o tfi 

CT> ci oq CTJ oj t*! 

I I I I I I 



to 10 <* q 
* esi c5 O 



JS 



XI XI X> XI JD XI XI 

XI XI Xl XJ XI XI Xi 



XJ -OXIXI XI XI 
X) X> X) X> XI X> 



in in o 10 w N 

(D rH t>. W >~l CO 

eocoodcO'H M 



qqpq pqqqp 



ggggg 



ij iJ .f t ' jr i V V^ViV V *V *V <? *9 ^5 

>& ^^^^^ ^^^^^ *i A 

6 



II I I I I I ' I I I I I I ' I I I I I I 

38? SSSSS , SSSSS? SS , S8 8S8S3 



8 8 co 8 <o 

E i i i i 



I'll 



q O N rH 

to * to cri 



I I I 

O O 



II 

O OO 



00 (> (> i O CO 

rH !-* .H r-< rH 

I I I I II 



q in oq q o <> to [^ tH 
<q od IH cj I 06 d i> in in 



i i i 

O O Ol 



I I 



M in t^ 

CO i* CM* 



^p "^ "^r 



SSSjtSS SSS 



18 



-9 -9 

43 | 43 



.0 



- - - 



J3 43 

XI 43 



43 43 J3 
S 43 43 



431,043 4343434343 143434343 4343 ! 43 .Q 43 43 .Q .Q .jQ .O 43 I 

,Q|43434343434343 | 43 43 4= 5 | I | 43 43 3 43 | 3 S 43 4} I I I 

t>" * CO C? rH O) * 00 tO tO CO C^ r~~* CO ^*" ^5 O3 CJ rH C^ CO , <"H "^t 1 i~^ C*J in 

^D I oj in in in o^ to v$ \ c^ eft c*3 c^* co ^o f co ^r f^ f 1 ** CN ^^ I co c*i *^ t 1 * ^5 I I I 

C2 I CO OJ OO I "~^ rH O3 J *~*^ CO i^ rH C*3 I O^ *~4 I I I 

rH ' ' iii 

cdcdcQoj w n] M M M M W rt rt w n) rt rt rt rt rt r) rt rt rt nnnrinj M rt rt 

I I 

in,inqo ooooo ooooooooo oooooototo tototototo ^"^^^Tf ^f I 



43 43 J3 43 43 

43 43 43 43 43 



S -S -S 

43 43 43 



ft p, 



rt rt rt 



qqooo oooqo 



( 



loioioiom mtommio wmmioio 



mwtoioio 



mminmuj toincoco coeocococo cococococo 






^1? c|cf Scfcf %$% ^ ^f 
7 



3:2 
^^ 



CO O <> 

co co c-i 
d 

I I I 



I 1 ' 



CO CO CO CO 

I I I I I I 

SN 1-1 () 

CT> en I co 

I I I ' I I 

!O ID M d CO 
I 7 I 7 I 



M I co co co cocow ico coMcoco;w. 



CJ1 W CO to 

en en en 



I I I I I 

in q t-- to q 
-5 to c-: m' 



% 

I Mill 

rH O CO Q n! 

en cJ) CD 01 co c~^ 

I I I I I I 

CO Cli t> Cn CO 
7 I I I I 



c3 > eo co CON co <N co co co N co 

I I I I I I 

so en ;H o 3; to 

oo oq 01 en co i> 

I I I I II 

I I I I I 



N CO CO CO -^ 
CO H * t-^ CO 



f~ 00 Q <> I (Ot^COQID (O f> M .-H <X> 

tf -3< in in Tf-rfriiiBifj 3; ^; <* m m 



O1O1 COfO 

io<i in in 



q q q q q 



TJ 
EU 



-Q -9 



XI XI J3 XI 



X) XI X) -Q XI 
XI X> X) XI X> 



XI XI XI 
XI X> Xt 



Xi Xi Xi -Q x> 
xi S S -Q S 



QQ 
in in 



CO O CO 



o 

b 

I 

E 

1 



"~* cS 

O ' r-5 C\j 



_____ ! _l I icyMaiMCOi 

s-S-S 1 -- XIXIXIXIXI X3X1X1J2-O XIXIXIJ^X) intDP-^HCO 

XlXiXIXlXl I XI XI jQ J3 Xt I Xi XJ Xl Xt Xl |X)X1X1X1X1 I S ' '^J^l 



UJ 

in 



SS CO (Q O CM 
CO C- (5 H <J3 



XX 
a^aaa &>,aaa 



XX 



XX 



xX 
t. >. o, 



SSSS SSSSS SSSSS S99S9 OQSPO QQQ 



SS P,SSo ooqoo 



co^rfco I SSSSw 'SSI32 222^- c ?. . . . o^w 00 . 00 , oqoooq<oco 



in * co w -o 

d 



in to to m in 



in m in 10 in miniomm mmminin in m in in in minminin mmmmin lommm 

cococococo cococococo cococococo cococococo cococococo cococococo cococococo cococococo 






t^- co en o 
3 3 3 9 



rH Tf co in in co 

:O >-J r* r* >H I CS] 
I I I I I ' I 



I I ' I 

co c- in 
01 oo 



co 
I 



t- CO 

(O 10 



g<3 
B 



t-- l> tO i tH T I i~l 

in in m to to UD 



S 



XXXXX XXXX X XXX X 
ftp,np,> p. p, a p, p, i> a p. p, ft > 



XX 
> > 



X XXXXX 
!-, cT3>u'p 



Kt ra 







S 



OOOO OOOOQ OOOOO OOOOO QOOOO OOOOO QOOOO OOOOO O 



ocioocj oooop ooooo 000,00 ooinmm miomoo ooocooo co 

-^-^i^-rjltj' TjStfitj!'*-* ^CO'COCOCO CONWNM CO CM* r-! r-i r-5 r-ir-irnr-Jr-1 r-4^i^ ' " 



cQc--ioin^i < coooc~"ioin ^fooc~toin I I COQOC H -<) in^cocoi^- toin^coc-- oSn 



(N 

A 
1)" 



mioininm 



ininioinin miominin mmminio ininwmm iniominm 10 m* TJ< 



CO CO CO CO CO 



J 



I 



fa 



I++++ 



+ | 



iH rH rH *H i-H r~4 

I I I I II Ml 

q a; q to to p; q co ^o rfq 

o>-< NNW 'csj >H ' pj od 

I I ++ I | 



<o o o co 

M ' N r-i 

+ , , 



N * CM O 
M 

+ I + + 



y^oqoq} 

T7TT7^7^Tf77 



o 



* * 



x 



10 m IA 10 m in in 



COMMCOLO 



in in in u^ in 

COWOrH >-irHr-(r-io Lf)(VJ 






'10 



Mill 



Ill Mill Ml 

<o to o c-- CQ o q opto 

r-i CM I CO r-5 CO "# CM *H r-t I 

+ +'+1111 I + ' 



+ + I I I I + I I 

32 a s 



+ 



+ + + I I 



CM CO 



++ + ++ 



(O co to tj; 01 
co w 10 en to 



oo o in -; co 
' 'I * in ** <* 



q to q . "1 9 "^ 9 , ^ "3 ^ 

in ^ ^ ' ' ~* 



o s co q 



CO t 1 - O ^1* O 



I I | nigi |i|isiS5*j3l 

Mlllloll' 11 ^ 



r-l N CO CO CM CM 



X 



U 

a a 



kJ 



a B 



> ^ P 9 

r-i rH --H iH 
ID (O UD <U 



ooo o a 






IAIAIA 



us in w us in w in us 



comoo 



in in w ^ ^ ^S 

comoo uicow^in COW'-I-HLO coNrH^w cowi-nrHrH ^w-comm ^ 

""* '~ l O 
ifl 

: ; ; ; ; ; ; ; : ; : ; ; ; M ; ) ; :;;',; ;;'.;: '. ' ' ' * 

ico : J ^y^^o^^ ddd?ij ^si^ai ^uj^a} ^&)^ ^E?^??^ t?^^? 3*7*?^ H 



11 



co to q N t-. ci in o in -H 
q rHNNWN NW-HO 



+ + + I I I I 



I + + I I 



1 ++ Mi 



t- N 01 m 

C-^ 00 00 01 

o ' ' ' 



qt>q cot^OMt*; ^HCOOI 



"$ co t-^ o 
ll 1 + 



I'l I I I I I I [ I I I I 

coinoi'-H 1 ^ 1 Mined I 



+ + + + I I I I 
I I I I I 



+ + 1 1 1 + + 



(oqco-^o; in i-j co -^OOOIOCT; 

-rji *Nint~-cjin| | iriidw 'to 



+ + 1 1 



N w in 

co * in 
o 



+ III I !+'!+++ + 

Sin in Q w r-- c-- o i i tT)t~-u3'Hf-H 
in * ^ co co <* 5 in ^* co M co 



RiSStQ^ h 1 fS "^ i COOOJ-^M t^- t*- o i 
_ (6 IB r# ^ rj, Ifl t, IrtTj-MC^MMCOin 

R^S^S ^ss^ ^ssss ^ssa?3 ss^^a {gK^^^s ssfccSs fg^ss 

r~t ^ ^J i *-* x *<;'iTi.^l. v ;iJJ^' tl :*T hi ^! 



CO C*- t*^ 
CO in (D 

I + + 



gi t- og 
w co * 
d 



lOOrHr^Ol COOO 

t-J ' N * -^ ' ' 
+ I + I I 



inoicoioq qwoj 

^t CJ O ''J 1 ^ CO ^H 



"S 

8 



a 
o 
O 



K! 

1 

rH 
J. 



a 



O 00 M 

5 uj M td 

g N -* N 



++ 1 1 i ++ ' ' + 1 1 

^cowojrH Sco^PJ I JoS^ww co 



CO 00 M' rH 
111 + 



o o q c-; o 
w in ' co 



^S? 



o o m <o ooooco 



e^ co in co co 



w S co <N 



oo oo o oo co 



+ + + + i 



IM co in co co 



W M 1 CO rH Q O 
M N rH W ^i CO 



XM 



U UOUOO UUyU^l 



xx 



OUUUO OOOO 



Dininmin minminin mminmin 



minminm 



12 



O O N 
I I + + 



co m 



<-o o> en m 

co, co "3; F: 



to 01 co. in * c^ 

rH l> CO I H i-t t> 

CO lO CO rH N 

+ + 4- ' + + + 



q oq 10 co eo co 

N oi r-5 t> co co 

+ + I I + + 



co t> S c in 



I> CO 



tn , i 

in to 

i-i N 



rH CO 00 T-H 



X 8 



X 



x M a 8 



oouoo uuouo uooou yuouu ouooo uoooo ouooo oouuo oou 

SSS^^ 88888 88888 88^8^ 88888 88?^^ ?S888 85?SSS SS5? ^ 



oo oq co co co S 

88S88 g 






88 



in in in in to co 



MMMcoco cocommio 



to t~- co en o 1-1 

r-< r-j H rH N C>1 



Pi 



is 
J 

I 

.a 



13 



M 
M 



O, oq oq cs) eo 

4-+ + + + 



Cl I I N 



X XXXXX XXXX M 



X 



00 UUOOO OUOOU UOOOO UUOUO UOOOO 00 



8888 JS8 



1^1 SSP 



o SoooS SXSSfx S (5 S 2 S? 2 Q/ S *2 C 1 ooooo o o 

i*i^ t^."? 14 ? inuvust^O O O O O O O O O O O O O 
^p^r^p'* (*5c y 3cOfOC'3fOCOcOC'lCOMfO C*> CO 



SO O O O 
O o O O 



inininmin mininwio minmiom 
ininininin inioin 



tninminm 



m, 10 



mmoococo 



in in m in LO ur> 
in m 



P P gSSgg ggsss gsssg sggss ^ggg^ ^s : 

<;<:<:<:<i^^<^<^<^^^^^ <4<U4^333 33335 33333 33 



14 






p oo oo t^ t> 
(> i~t U3 ' >-H 

M in CO rH 



I I + 



<N i-J CO p C-J 

l> (Nl CD O Cvj 
rH "* iM 55 O 



00 to O W t- CD 



CD 



00 O 



H i-H W I i t i-H CJ 



COrHiMfO USCOOmiA COCO-cfCOO 



in 
-cf 



t> in --a; <N co in oq i>- -d; co 

I-i ' ' ' ' r-i N i-H rH ' 



LOOllOCO 



CO 




X 



XXXXX 8 H 



X 

MX 



oou ouuuu oouou uoouu uuoou ouuuo ouuoo 



uuuuu 



iQifiy? y?tcy5\2'fl yjiciiQiiJic y5y3y3y?y3 \s is "5 y? to ysmysyjin ys'sy'tsLo ininioioio iftioiotoin 

OOO OOOOO OOOOO OOOOO OOOOO OOC5OO OOOOO OOOOO OOOOO 



ooo oooop oQocsS oooop Soooo ooopS opppp SpcsSS 

'' ' ' 



COCOCO COCOco'cOCO COCOCOCO'CO COeOfOCocO 

c~c*i>- t^t>t~i>'H cpoocyogcg loco-^coai to^ot-co t-~ t- t 

COOOOO OOOOCOCOOQ OQOOOioOCQ COOOOOCQCO OOCOCfioOCO COOOCO 



M(NC<MC- 



(N 
ft 



80 o o o o o o ooooo o o o. o. o o o o o o o o ooo ooooo o o o o o 
oo ooooo p p Q p o ooooO ooooo poopo opopo poooo 

ininm inmininin minminin mmminm mmwinm inmmmin mmminio mLnminira 



commmin inmminco COCOCOMOJ 



S *8 
' q 1 

0) 

"S 
in w 

I 

o 
co 3 



OOOO OOO 



PI-*NCOT)I tniot oo'ai o i-i ci 






iot>o6oj 



15 



. *> 



ff) rH tD OO O) 



e^ to * o to c^ 
oo ID to t- iri eo 

rH CO 

+ + I I + + 



o in 10 



SO 
00 



ID ID 



8 



S 



XX 



as 



UUOOU U U O O O OUOOU OUOOO UUUUU OUUOU UU UUU UOUOO 






01 



10 m in 



eo eo 



ma im I!!!! 



16 



co co 10 



oo cvi m co 



i + + 

t> t-j r-j 

"2 ^ 

l + + 



r-< 00 i-H CO 

oj S5 i-H r-1 



3 



, 
M X 



XXX XXX XXXX 



bObObObdhO W bo tM) 



yOUOU UUUUU UOOOO OOUUO OOOUU OOOOO UUUUU UUUUU OOOOU 



sgsss 



t> t- 

PQ 00 



rH IQ ((> CO 03 <O Cft t-- (QCTlONin CO O (C CO. O 

01 op oo co oo M oo oo oo oo oo oo O) oo oo 3) 55 55 oi 



CO^fOO rHi-tWCQCT) CCCSQJCQCO *" 
<CtOOO OOtOfDOOOO ID ID 00 00 (D ,3: 



1010101010 



lotowinio uiiommm 



COCOCOCON 



NMNCOCO 



coeocoeoco eowc^wca 



MCJNW 



Ol <J> C) 



- T-^ > 

Q O O O O O O O O T-H r-i H i I rn r-4r-1i-HrHrH 

cceo cococoeoco cocoMcoco eocoeocoeo 



17 



o 



SCO 
o 






uuouo oyuuu 



S88S8 






*^ in m 

M r-t 



bo M U 



8 






y o u u o 



SSS8 



X M M |xj X 



o; 03 en oi 01 



S S S en S 
t-- tD ID tO (D 



o 

in m in m m 






w to to in w in m m m in inminioin m in 10 in 
in m in m 



wcnco.co 



N 






coco co eo in m in mco 



<|<)<J <;<<!<J<! 33<tJ 



18 



i + + + + + ..... + 11 i i i + + + + i i i i i 



i i i i ++ i i i i 



en p 
* cd 



O CM O O <> p -tf p CO 
' ci ' ' --< I t> CO N <N 



t-tn coo 
in ^ V in 



I I 1 I I 

t> tD T}< i i O 



ID tn N CT) iH 
IS ^ ^d- -rf to 



(DC-l 



co 

* 



QQ tOCOO 



111 



CO 00 

eo co 



*# tO t-; CX} p 

<NJ in w CM w 

+ ++ I + 

CO CO CO CO I-H 

<$ co co -* in 



CDUJ COQ >-J 00 



I + 



MO11O 00 OU3LO 



mcocooio 

I I I ++ + + + + 



CM M rH rH 



p ** co in ID 

CO r-i -^ t-^ M 
iH CO ^ 



rH 00 t> 

^ oo to 



rf-HOO WMNCOCM i-H ,H 



$8888 88888 88888 88SS|Sj SSS^g ^^^SS SSSSS S3S383S3S3 S3e3c3S3 rn 

1 r jJ^5^jH^i ^i-^^^Tl' Tj5 -^ *$ tf ff ^'d'COCOCO COCOCOCOCO COCOCOPOCO COCOtOCOCO COCOCOCOCO COCOCOCO "^ 



5 totptococo cqcoN, 



t c- t^ t^ c^ t c- 
in m in in m in in 

rH rH rH rH rH rH rH 



NN N ft i t r~< 



coco rHOOrH^o fOco^'a'SS 



8888^ S?^^?3 4 

' ' g 



ininininm 



inmininm ininmioin miniomin in w w in in inminiom 



oo en o rH N 



SSc^Sc^ Scocococo cocoSSco ^SSe^c^ c?c^c^SS c?c?S^c^ ^c^c^c^ 
i, i. i. i* i, '. L 'j '* Vi L L L L li -i J* ^< ^Ii J* _i ^i -i __j ^j ^ _! ^ ^ ^ j ^ ^ _-j 



? s^ I 



19 



3385!5S!383S3^S3S8j&Sf^ SSSSS SSjSSJsssasg 

11111 M -M I (MM I I I I I Ml , ,' i ,' ,' i ,' 

3jj|g Mggg SSSSo- 22q-83 238 CM 2 2 8 823132 22322 

i 7 7 7 i i i i 7 7 77777 77777 777 77 7' 777 7' 777 7 7 777 

d3^ i , "ooqinq qwcorH CM co to ^ LO o in 01 o co o TJ ^ t- o co co t- 

^ T " N ' ' S 57110 ^^ d^ 10 ^^^ iritdcdcoco t^tdS^^ cdSiriSco' 



K in 
o 



H q o t> 
in CM 'e-i 



CM t- r-- r-* o in 
to in * * in in 



s 



^ WM^CMID 

"i * * * ! ^J 



X 



in ininininin 






O; 3 t> TJ; 
"* "ri CM CM 



coM-^cq * q t-; >*qcM'*Ln OCOCMCOO cot^mMO 

CO CD CM 10 <* * -H rH O 10 LO Tf r-i ^ ^ Lfj CD CO -i CO CM 



g^^^S I SK^S ^SS F^^SSR 



COCOCOThio 0} T( to in CMino HO-*O>-( 

!S232K3 COlgrHrH CMC^IO t^ 'rHlrit-^ 

^MrH^.n 'OflCO.^SlS^ CMtB^ 



Heq-^cqoq ^qoirnco 

2t: i ~' ' ' -*iricdt<i> 
*-*CM cMirfco^-* 



00 Ol CD CD 

t> LO N in 

CM rH 



s? 



o coinco cMco.incow Mcotococo fncoMcMco 

I I _j * ' * l * t * * i 






x a 



Mwrt 






88 

in in 



mmiftinm Lowinmin 



^ w 14 w 

-CM co m m co M r-i .-; M co m in co CM r-i 



ininininin minininin Lnminin 
in in in in 



<; <; 



20 



Looimoto ooinooco woo 

MNWW-H i-JrHrHrHOa N >-j 

I I I I I I I I I I II 

803 -) p LQ o in en to to un in 
i ppPp i-JpOlC)Ol Cfi Ol 

77 7 7 7 7 7 i i i 11 

w o o in t-* in r i -re in *H T i in 
w ' 'MID oo >-! ^ t> r-3 ,-3 c-^ 

i-< .-H , I 

+ ++ + + + I I I I 

10 rH CO rH CJ ^ O t*" t"* W CJ t*" 

-^^co^io i ffi ^j; co co coco 

LO r~* CO O CTl CJJ *& LO O CD CO O 
^ *4* CO *^ ^J' U3 LO "^t 1 ^* CO CO ^ 

O O O O C^ tO O O IO r-< ^ tD 

W CO tO O OJ tD LO 

r-H rH 

+ ++ I I I I 
co 000505^7 !>cocs^'CJ) 0)7* 

CA 

u KJ 

M09?5055 i5QN|OQ<o j^to '5 t- S^ 

? 

^ 
2 
CTiojpoqoqoqco ^ 

7 tr!2SS29^dQ ' * ^ 

-j_ " pi 1> 



lococoioeo Mocomco coio 



COOOOOM 



o 
O 



rt rt rt 



moo 



o) 

O) 



a 



1^1 

II-B 

N > * 

a-s-B-s 

JjgSS 
^ J8 "5 a 

8^5^ 

1 ?J^ s 

SSI? 

-^ s i 





c 
-S 
c 

o 

1 

Q 



S ^> 



Jj " P 9> 

i s 
11 51 

s'i'l-s |2.a 

fe 6 I S 8 i ? 



-j 

ill 

.a oi a 

M O JJ 

I 



o 

B ^ 

_Q 0) 
-d > 

i! 

B . 

Ij 
a o 
-a Z 

-w d 

0) -H 

3! 



IJ 

^ 

r.a 

ja K 

3 T3 



I 1 

: S.S 

K (D $ 



II 
-S.S 

Ib o 



OO 

>. N 



i4 



U 

01 
0) 

W W ] CO CO 

H m -^ n 10 



H * 



CD CO 

t- 00 




21 



some feature of the inlet caused the flowing water 
to produce severe vibrations. This was considered 
unsatisfactory performance. 

Series W-496 through W-510 were made with 
reduced drop inlet heights to determine the mini- 
mum permissible height. The Note, "z, Orifice 
flow at barrel entrance," indicates that the barrel 
entrance acted as an orifice, that the barrel did 
not fill, and that the performance was unsatis- 
factory. The Note, "aa, Barrel primed," means 
that the barrel filled and that the inlet perform- 
ance was satisfactory. 

The Note, "m, Poor hydraulic gradeline in the 
barrel," means that the piezometric pressures 
poorly defined the slope of the pressure gradeline 
in the barrel. 

The Note, "n, Condensation during some runs 
may have caused a change of state," indicates 



that water may have condensed in the barrel. 
This indicates a change of state of the air which 
would invalidate the basic airflow equations used 
in the analysis. The results of these runs are, 
therefore, of questionable value. 

The Note, "x, Noisy, vibrating inlet/' indicates 
that poor flow conditions were affecting the per- 
formance of the spillway. The observed pressures 
fluctuated erratically when the inlet was noisy. 
Geometrically similar water models showed vor- 
tices, which suggests that vortices also were pres- 
ent in the air models. 

The conclusions presented in this publication 
are based on approximately 7,900 individual tests. 
This figure is estimated from the 20 to 24 test 
runs made for each of the 256 water series and 
from 3 to 7 runs for each of the 456 air series 
listed in table XII-1. 



Test Results 



The proportions of the two-way drop inlet that 
give satisfactory hydraulic performance were first 
determined. Subsequent tests were made to de- 
termine the weir flow capacity, the slug and mix- 
ture flow capacity, and the full-flow energy loss 



and pressure coefficients used to compute the 
capacity of and pressures in the spillway. The 
performance, the capacity, and the pressures will 
be discussed in separate sections. 



Spillway Performance 



Satisfactory performance of closed conduit 
spillways requires that (1) the head- discharge 
relationship be unique and reversible, (2) the 
structure prime smoothly and positively, and (3) 
harmful vortices be prevented. In each test the 
moment of incipient slug flow in the barrel was 
recorded. Any evidence of vibration in the struc- 
ture was also noted. Visual observation, judg- 
ment, and careful analysis of the data were used 
to determine if the performance of the drop inlet 
was satisfactory. 



Minimum drop inlet height and length 

The minimum height of the two-way drop inlet 
that would insure priming of the barrel was deter- 
mined. Drop inlet heights tested were 2D, 3D, 4D, 
and 5D. Lengths were ID, 1.5D, 2D, 3D, and 5D. 
The width was ID and the barrel slope was 20 
percent for all tests. Endwalls were installed to 
a height of 0.8D above the crest of the drop inlet. 
No antivortex plate, however, was installed, ex- 
cept for the ID-long drop inlet, because the barrel 
primed before the headpool water surface eleva- 
tion reached the antivortex plate elevation The 
antivortex plate, therefore, could have no effect 
on the priming. Although the head and discharge 
were measured, notes taken during the tests were 
used in evaluating the performance of the spillway. 

The performance of the ID-long drop inlet was 
unsatisfactory at all heights. Air sucked into the 
drop inlet during slug flow caused severe vibra- 
tions of the drop inlet and antivortex plate. 
Strong vortices were also observed after sub- 
mergence of the antivortex plate. 
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The performance of the 2D-high drop inlet was 
unsatisfactory at all lengths. For this height of 
drop inlet, orifice flow at the barrel entrance 
alternated with slug flow in the barrel. This 
caused the headpool to build up during orifice 
flow and draw down during pipe or slug flow or 
both. Therefore, the performance of the 2D-high 
drop inlet does not meet the criteria previously 
established. 

Satisfactory performance was obtained for two- 
way drop inlets 3D, 4D, and 5D high having 
lengths of 1.6D or greater. Unique head-discharge 
curves were obtained and vortices were fully 
controlled. 

The results of the tests to determine the mini- 
mum height of the two-way drop inlet show 
that the height must be 3D or more and that the 
length must be 1.5D or more to insure satisfactory 
performance. 

Minimum antivortex plate height 

The authors reasoned that the antivortex plate 
must be high enough above the drop inlet crest 
so that the weir flow discharge over the crest 
would be sufficiently great to cause slugs to form 
just inside the barrel entrance. They observed 
that the initial formation of these slugs indicated 
that the barrel would eventually prime as the 
discharge increased. Also, if the antivortex plate 
was too low, the flow into the drop inlet was 
governed by the orifice formed by the antivortex 
plate and the drop inlet crest, and this flow was in- 
sufficient to form slugs inside the barrel entrance. 

The two-way drop inlet head-discharge test 
data and notes were examined to determine the 
maximum discharge at which slugs did not form 
and the minimum discharge at which slugs were 
observed. The barrel slope was 20 percent for 
these tests. 

For two-way drop inlets 2D or more in length, 
the onset of slug flow was observed to be at 
Q/D B / 2 g 5.1. -For the 1.6D-long drop inlet, the 
onset of slug flow was at Q/D 5 ' 2 g 6.7 to 7.4. 
Therefore, the minimum permissible height of the 
antivortex plate above the two-way drop inlet 
crest is the weir flow head corresponding to these 
discharges. 

The minimum permissible antivortex plate 
height based on the criteria presented in the 
preceding paragraph (Q/D 8 /* = 7.4 for B/D = 1.5 
and Q/D B ' a = 5.1 for B/D S 2) has been com- 
puted for five lengths of the drop inlet and for 



TABLE XII-2. Minimum antivortex plate height 



minimum 



D 


C = 3.1 


C = 4.0 


1.6 


0.85 


0.72 


2 


.55 


.47 


3 


.42 


.36 


6 


.30 


.25 


10 


.19 


.16 



two values of the weir discharge coefficient C in 
equation I-2 4 . The results are presented in table 
XII-2. 

Vortex Control 

Vortex control means the suppression of those 
vortices that are of sufficient size and intensity to 
reduce the spillway capacity. Surface vortices 
may still form, but it is not necessary to attempt 
to control them if they have no adverse effect on 
the spillway capacity. A horizontal plate sup- 
ported above the crest of the two-way drop inlet 
is a good antivortex device. However, to be fully 
effective the antivortex device must be located 
correctly and be of proper size. 

Maximum antivortex plate height 

Vortex formation is strongest just after the be- 
ginning of full pipe flow. This occurs at heads 
and discharges just exceeding those at the inter- 
section of the extended weir flow curve and the 
full pipe flow curve on the head-discharge dia- 
gram shown in figure XII-2. The headpool sur- 
face elevation at the intersection of these two 
curves has been selected as the maximum eleva- 
tion of the antivortex plate. Any higher location 
would permit vortices to form under the plate 
and thus render it ineffective. 

Minimum antivortex plate overhang 

The length of overhang of the antivortex plate 
U in figure XII-1 is an important dimension with 
regard to the ability of the antivortex plate to 
control vortices, If the overhang is too short, 
vortices that adversely affect the spillway ca- 
pacity will form. If the overhang is too great, the 
economy of the structure will be adversely 
affected. Therefore, tests were made to determine 



4 See reference to Part I in Preface for complete 
citation. 
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the minimum overhang of the antivortex plate 
that would adequately control vortex formation. 

The minimum antivortex plate overhang was 
determined by installing an excessively long over- 
hang and progressively shortening it until vor- 
tices developed that affected the spillway capacity. 
The Stevens type M water level recorder de- 
scribed in Part X 5 was used to determine the 
effect of vortices. Charts similar to that shown in 
figure X-4 were obtained for each length of over- 
hang. If there was vortex action, the full flow 
stage-time curve would fluctuate with the vary- 
ing vortex strength. Conversely, a smooth stage- 
time curve indicated the absence of harmful 
vortices. 

The drop inlets used for the antivortex plate 
overhang tests were ID wide, 5D high, and had 
lengths B of ID, 1.5D, 2D, 3D, 5D, and 10D. The 
heights of the antivortex plate above the drop 
inlet crest Z p were 0.2D, 0.3D, 0.4D, 0.5D, 0.6D, 
0.7D, and 0.8D. The lengths of the overhang U 
were ordinarily 4D, 3D, 20, 1.5D, ID, 0.8D, 0.6D, 
and 0.4D. Values of L as low as 0.1D were used 
for the lOD-long drop inlet. Not all the antivortex 
overhangs listed were tested; the tests were termi- 
nated when the length of the overhang became so 
small that the antivortex plate did not control 
the vortex. Also, not all possible combinations of 
drop inlet length, antivortex plate height, and 



TABLE XII-3. Minimum antivortex 
plate overhang 



B/D 



(U/D) 



minimum 



1.6 
2 
3 
5 
10 



1.0 
.6 

.6 
.4 

.1 



antivortex plate overhang were tested if the tests 
would not contribute useful information. 

The results of the tests are summarized in 
table XII-3. It can be seen that the longest 
overhang is required for the shortest drop inlet. 
The reason for this is that the velocities ap- 
proaching the crest are greatest and the vortex is 
strongest, therefore the overhang needed to con- 
trol the vortex is longest. The height of the anti- 
vortex plate above the drop inlet crest had no 
effect on the minimum overhang required. 

The minimum lengths of overhang listed in 
table XII-3 are considerably less than the length 
of overhang required to support trash racks. This 
is because the area of the trash rack is governed 
by the permissible velocity through it, and this 
area ordinarily cannot be obtained unless the 
overhang length is in excess of the values given 
in table XII-3. Using lengths of overhang ex- 
ceeding the minimum is permissible. 



Spillway Capacity 

The discharge through a two-way drop inlet 
spillway is, or can be, successively controlled by 
the two weirs on opposite sides of the drop inlet, 
by the antivortex plate, and by the spillway flow- 
ing completely full. The quantitative effect of 
each of these controls on the spillway capacity 
will be considered in turn. 

Typical head-discharge curves for several anti- 
vortex plate heights are shown in figure XII-2. 



tween the weir flow head and the discharge pro- 
duced erratic results. All attempts to develop re- 
liable equations to predict this relationship were 
nonproductive. As a result, it is felt that the de- 
signer can achieve as satisfactory predictions of 
the weir flow discharge using published equations 
as he could obtain using equations that might be 
developed from the data obtained during the 
present experiments. 



Weir Flow 

The flow is controlled by the drop inlet crest 
acting as a weir when the headpool surface eleva- 
tion lies between the elevations of the drop inlet 
crest and the bottom of the antivortex plate or 
the intersection of the weir and pipe flow head- 
discharge curves, whichever is lower. 

The tests to determine the relationship be- 

"See reference to Part X in Preface for complete 
citation. 



Antivortex Plate Flow 

The horizontal antivortex plate supported 
above the drop inlet crest causes the two-way 
drop inlet closed conduit spillway to act like a 
self-regulating siphon. Consequently, as the flow 
increases, the headpool water surface remains at 
approximately the same elevation from the time 
the water surface first touches the underside of 
the antivortex plate until the spillway flows com- 
pletely full. 
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FIGURE XII-2. Typical head-discharge curves. 



The self-regulating siphonic action is a result 
of slugs in the barrel which cause a partial vacuum 
in the drop inlet during plate flow. The head 
causing flow through the two rectangular orifices 
created by the crest, the antivortex plate, and the 
endwalls is increased by this partial vacuum. The 
increased flow required by this increased head, if 
not supplied by an increased waterflow into the 
headpool, is supplied by air being sucked into the 
drop inlet under the antivortex plate. The amount 
of air entering the spillway depends on the num- 
ber and frequency of the slugs in the barrel, or 
the vacuum created by the barrel flowing full of a 
mixture of water and air. As the waterflow in- 
creases after the water first touches the antivortex 
plate, the airflow will increase to a maximum, 
and then it will decrease to zero when the spill- 
way becomes full of water alone. The headpool 
level increases slowly or not at all as the water- 
flow increases during the period of airflow. 

The problem was to determine the head- 
discharge relationship and the factors that affect 



this relationship during the period of airflow, The 
solution assumed that the criteria for minimum 
and maximum antivortex plate heights specified 
under "Spillway Performance" have been met. 
The data used included 227 different combina- 
tions of drop inlet length, antivortex plate height, 
antivortex plate overhang, and crest thickness. 
All drop inlets were 6D high and from ID to 10D 
long. The plate heights ranged from 0.15D to 
0.8D, the plate overhang ranged from 0.13D to 4D, 
and the crest thicknesses were 0.11D and 0.44D, 
The equation developed as a result of the anal- 
ysis of the data is 



D ~ D " (fl/D 



where the quantities in pointed brackets are zero 
for negative values. Expressed another way, ... 



and 



OS/0.1 - 0.05 jjp\g 0.1 
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that is, ^ U/D ^ 2. It can be seen that for 
values of U/D greater than 2 the last term in 
equation XII-1 disappears and the head does not 
increase as the discharge increases. As a result, 
the headpool level does not change during slug 
and mixture flow when U/D ^ 2. 

A restriction on equation XII-1 is that H/D 
be not less than Z P /D. This is because plate flow 
cannot control the discharge unless the headpool 
water surface touches the underside of the anti- 
vortex plate. 

Equation XII-1 is shown in figure XII-2 for 
several heights of the antivortex plate. The ex- 
cellent agreement of equation XII-1 with the test 
data plotted in figure XII-2 is apparent. The 
agreement shown is better than was obtained in 
many cases, but the agreement was considered 
satisfactory for all the data obtained. 

Surface tension effect 

The effect of surface tension on the plate flow 
head-discharge relationship (equation XII-1) 
was determined. This was done because the sur- 
face tension effect in the laboratory drop inlet 
is greater, relatively, than it is in field size inlets. 
During two-phase flow, which exists during plate 
flow when both water and air enter the spillway, 
surface tension would have a maximum effect on 
the spillway capacity. This range of flows was 
covered during the tests to determine the effect 
of surface tension. Pull pipe flow, during which 
surface tension has a minimum effect on the 
spillway capacity, could not be tested because the 
foaming that occurred when the surface tension 
was lowreduced the capacity of the test apparatus. 
^Four sets of duplicate tests were made to deter- 
mine the effect of surface tension. One set of 
tests used water having a measured surface ten- 
sion a- of 71 dynes per centimeter. Aerosol added 
to the water for the other set of tests reduced 
the surface tension to 26 dynes per centimeter. 
This reduction of the surface tension to 37 per- 
cent of that of water alone should provide a good 
indication of the effect of surface tension on the 
performance and capacity of the two-way drop 
inlet. 

Typical results of the tests are shown in figure 
XII-3 where it can be seen that identical results, 
within the limits of precision of the experiments, 
were obtained even for the large change in surface 
tension. Equally good comparisons were obtained 
for the other tests. 



Pipe Flow 

Pipe flow denotes the condition that the spill- 
way is flowing completely full of water. There is 
no flow of air. The head-discharge relationship 
for pipe flow is given by equation 1-5. 

Tests were made to determine the entrance loss 
coefficient K in equation 1-5. Both to expedite 
the tests and to facilitate the use of the test re- 
sults by the designer, the entrance loss coefficient 
was separated into a crest loss coefficient K c and 
a barrel entrance loss coefficient K,. The crest loss 
coefficient includes the energy losses between the 
headpool and the midheight of the drop inlet. The 
barrel entrance loss coefficient includes the energy 
losses between the midheight of the drop inlet 
and the barrel entrance plus those energy losses 
in the barrel caused by the barrel entrance. This 
facilitates the design of a two-way drop inlet by 
making it possible to choose the crest geometry 
and the barrel entrance geometry independently. 
The method of analysis permits the loss coeffi- 
cient for each to be determined separately and 
then combined to obtain the total entrance loss 
coefficient for the complete drop inlet. 

The effects of the several parts of the two-way 
drop inlet on each of the energy loss coefficients 
will be discussed separately. 

Crest loss coefficient 7 

The crest energy loss coefficient K G describes 
the energy loss that occurs between the headpool 
surface and the midheight of the drop inlet. A 
single piezometer was used to measure this loss. 
For the air apparatus, the piezometer was located 
on the drop inlet sidewall at the midheight of the 
drop inlet and ID upstream from the downstream 
endwall. The piezometer was similarly located for 
the water tests only for the 2D-long drop inlet. 
Thus, the air tests were the primary source of 
information for determining the crest loss co- 
efficient. The only water data used were those 
obtained from the 1.5D- and 2D-long drop inlets. 

The crest loss coefficient is defined as 



V,'/2g 



(XII-2) 



"See reference to Part I in Preface for complete 
citation. 

1 For a theoretical derivation of the crest loss and a 
comparison with experimental data see Hebaus, George 
G., Crest losses for two-way drop inlet. Amer. Soc. Civil 
Engin. Proc., J. Hydraul, Div., vol. 95, (HY3) : 919-940, 
May 1969. 
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FIGURE XII-3.--The effect of surface tension on the head-discharge curve. 



where h c is the loss in head between the headpool 
surface and the midheight of the drop inlet in 
feet, V r = Q/A r is the average velocity in the drop 
inlet or riser in feet per second, Q is the rate of 
now in cubic feet per second, A r is the area of the 
drop inlet or riser in square feet, and g is the 
acceleration of gravity in feet per second per 
second. 

Because the crest loss coefficient K c varied with 
the drop inlet length, the antivortex plate height, 
and the crest thickness, the effect of each will be 
discussed. The apparent lack of effect of the anti- 
vortex plate overhang will be shown. As expected, 
the type of barrel entrance and the slope of the 
barrel had no effect on the crest loss coefficients. 
Also, there was no definite indication that vis- 
cosity as measured by the Reynolds' number had 
an effect on the crest loss coefficient. The section 
will conclude with a description of the method 
used to develop an equation for the crest loss 
coefficient. 

Effect of drop inlet length. The effect of the 
relative length of the drop inlet B/D on the crest 



loss coefficient K c is shown by the typical curve 
presented in figure XII-4. The coefficient in- 
cre nqpsl I'nniHlv us tVm rnlntivfi rlron inlet length 



in' 



crest head loss. 



(XII-3) 



The dimensionless crest head loss data for the 
crest loss coefficients presented in figure XII-4 
are also plotted there. The data and curves that 
represent the data show that the actual crest 
head loss for any given discharge and barrel di- 
ameter decreases with an increase in the relative 
length of the drop inlet even though the crest 
loss coefficients increase with relative drop inlet 
length. The reason the actual crest loss is low 
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FIGURE XII-4. The effect of relative drop inlet length 
on the crest loss coefficient and the dimensionless ereat 
head loss, U/D = 0.104, Z P /D a 0,6. 

even though the coefficient is high for the long 
drop inlets is that the long drop inlets have a 
comparatively large area, low velocity, and low 
velocity head. When the low velocity head is 
multiplied by even a large crest loss coefficient, 
the head actually lost at the crest is low, 

The dimensionless crest head loss decreases 
rapidly as the relative drop inlet length increases 
for relative drop inlet lengths B/D less than about 
5. The curve decreases slowly with further in- 
creases in the relative drop inlet length. This 
suggests that there is an optimum inlet length 
that the designer may wish to determine for each 
two-way drop inlet. 

Effect of antivortex plate height. The rela- 
tive height of the flat antivortex plate above the 
drop inlet crest Z P /D has an important effect on 
the crest loss coefficient K e . This effect is shown 
in figure XII-5. (The effect of plate overhang, 
also shown in figure XII-5, will be discussed in 
the following section.) 

The crest loss coefficient is large when the plate 
height is low because the high velocity between 
the plate and the drop inlet crest causes high 



energy losses. The crest loss coefficients decrease 
with increasing plate height and approach a con- 
stant value. 

The antivortex plate height selected by the 
designer will probably be determined by the per- 
formance criteria given previously or by other 
considerations rather than by the effect of plate 
height on the crest loss coefficients. However, 
figure XII-5 shows that the higher the antivortex 
plate is above the drop inlet crest, the lower will 
be the head loss at the drop inlet crest. 

Effect of antivortex plate overhang. The re- 
lative overhang of the antivortex plate beyond the 
outside of the drop inlet crest U/D was found to 
have a minor effect on the crest loss coefficient. 
This is shown in figure XII-5, where a single 
curve has been drawn to represent the data ob- 
tained for relative overhangs ranging from 0.3 
to 4.0. While there is some spread in the data, 
most if not all of this spread is probably a result 
of experimental uncertainties and it is felt that 
drawing separate curves for each overhang is not 
warranted by the precision of the data. In any 
case, there is no detectable effect of plate over- 
hang on the crest loss coefficient when the relative 
overhang is 0.75 or more. 

The open squares, erect triangles, circles, and 
circled crosses and their solid counterparts plotted 
in figure XII-5 require explanation. The data 
represented by the open symbols were obtained 
using endwalls extending to the edge of the anti- 
vortex plate overhang. It can be seen that the 
open symbols deviate from the curve at the 
highest plate heights, especially for the shorter 
drop inlet lengths. The data represented by the 
solid symbols were obtained using endwalls ex- 
tending outward 1.5D from the drop inlet wall. 
They show that lengthening the endwalls reduced 
the crest loss coefficient and caused the coeffi- 
cients to agree reasonably well with the longer 
overhang data and the curve. It is possible that 
flow separation around the short endwall reduced 
the effective crest length and thereby caused the 
increase in the crest loss coefficient. This effect 
would be relatively more important for the short 
drop inlets. 

The tests show that there is no effect of the 
antivortex plate overhang on the crest loss coeffi- 
cient if long endwalls are used or if the overhang 
is 0.75D or greater, 

Effect of drop inlet crest thickness. The 

thickness of the drop inlet crest t c had a surpris- 
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FIGURE XII-5. The effect of antivortex plate height and overhang on the crest loss coefficient, t=/D =: 0.60. 
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ingly large effect on the crest loss coefficient for 
the thinner crests. This large crest loss coefficient 
for the thinner crests is possibly due to separation 
of the flow lines from the crest. For the thicker 
crests, the flow lines apparently follow the shape 
of the crest and the crest loss coefficients are 
smaller and constant. Hebaus 8 shows, however, 
that flow separation will occur for all crest thick- 
nesses when Zp/D < oo . 

Six thicknesses of crests ranging from 0.1D to 
0.66D were tested. Each crest was rounded on its 
inner edge to a radius of half the crest thickness 
as shown in figure XII- 1. The outer edge was 
square. Four different heights of the antivortex 
plate were used for each crest thickness. Typical 
results of the tests are shown in figure XII-6. 
The curves shown indicate the rapid decrease in 
the crest loss coefficient as the relative crest thick- 
ness increases for the smaller crest thickness, and 
the essentially constant value of the coefficient 
for greater crest thicknesses. 

Equation for the crest loss coefficient. An 
equation was developed to represent the crest loss 
coefficient as a function of the relative thickness 
of the drop inlet crest, the relative antivortex 
plate height, and the relative length of the drop 
inlet. This was accomplished in two steps. First, 
the crest thickness data shown typically in figure 
XII-6 were reduced to a single curve for each 
drop inlet length. Then an equation was devel- 
oped to represent all these curves. The procedures 
are presented in the following subsections. 

Reduction of crest thickness effect, In analy- 
zing the effect of crest thickness it was assumed, 
for thin crests, that the flow separates from the 
crest at the outside corners and forms a jet in 
the drop inlet. A transverse section through the 
drop inlet illustrating this assumption is shown 
in figure XII-7. The contracted jet is two- 
dimensional. Its thickness is D, feet and its ve- 
velodty is Vj feet per second. 

If the head loss at the crest is due to the sud- 
den expansion of the contracted jet to the full 
width of the drop inlet, then the crest head loss 
h in feet can be obtained by rearranging an equa- 
tion given by Rouse [1-44, p. 413, Eq. 41] to ex- 

8 See page 929, figure 4, of reference in footnote 7. 
For the boundary flow line to reattach to the crest, the 
contraction coefficient must be 0.6 or greater. But figure 
4 shows that the contraction coefficient approaches 0.6 
asymptotically from below as the antivortex plate height 
increases. 

'See bibliography for Part I, in Preface. 



press the loss in terms of the lesser drop inlet 
velocity V r , the drop inlet width D, and the jet 
thickness Dj. The resulting equation is 

" ' (XII-*) 

If equation XII-2 is solved for h c and equated to 
equation XII-4, then the crest loss coefficient 
equation becomes 3 

K-fD A (XII-6) 



Because the flow is assumed to separate from 
the outside comer of the crest, the effective width 
of the entrance is (D + 2t c ) . This is shown in fig- 
ure XII-7. When this width is multiplied by a 
suitable contraction coefficient C c , the contracted 
width of the jet is obtained. When C (D + 2h c ) 
is substituted for Dj in equation XII-6, 



Equation XII-6 will be evaluated for several 
specific conditions. When the antivortex plate is 
high or is removed entirely, then the two-way 
drop inlet resembles a two-dimensional reentrant 
tube 'or Borda mouthpiece. The value of C given 
by Rouse for this entrance is 0.500 [1-44, p. 34, 
table 1, j8 = 180, b/B = 0.0], Equation XII-6 
with C c = 0.6 has been plotted in figure XII-6. 
The curve is labeled "Borda mouthpiece." Of in- 
terest is the fact that K c is zero when t c /D is 0.5. 




FIGURE XII-7. Transverse section through top of drop 
inlet showing flow separation. 
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FIGURE Xn~8,~ Compensation for effect of crest thickness on crest loss coefficient. 
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This indicates that when fr c /D > 0.5 the flow 
follows the wall of the drop inlet, there is no jet 
expansion loss, and equation XII-6 is no longer 
applicable. The curve plotted in figure XII-6 
also shows that K c is 1.00 for a crest of zero thick- 
ness, This is identical to the value given by Rouse 
for reentrant entrances [1-44, p. 415]. These ob- 
servations apply only for a Borda mouthpiece; 
that is, with no antivortex plate or a plate so far 
above the crest that it has no effect on the crest 
loss coefficient. The observations do, however, in- 
dicate that the trend of equation XII-6 is similar 
to that shown by the experimental data presented 
in figure XII-6 and with information presented 
by others [1-21, 1-22, and 1-24] . 

Strictly, the value of the crest loss coefficient 
for the Borda mouthpiece should be based on the 
velocity in a tube having a width of (D + 2t e ). 
The relation between the Borda tube velocity 
V f , B and the drop inlet velocity V r is 



If this relationship is substituted into equation 
XII-4, if operations similar to those used to ob- 
tain equation XII-6 are performed, and if C c is 
assigned the Borda mouthpiece value of 0.5, then 
the Borda mouthpiece crest loss coefficient K , B is 
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FIGURE XII-8. Continued. 



By trial a single curve was obtained for each 
drop inlet length when the differences between 
equation XII-2 and equation XII-7 values of 
the crest loss coefficient were plotted against the 
relative antivortex plate height. The data are 
shown in figure XII-8. Most of the data shown 
are for the air tests. Data obtained during the 
water tests are shown only for relative drop inlet 
lengths of 1.5 and 2; because the piezometers 
were in the same relative position only for the 
B/D 2 inlets and because the pressure measure- 
ments are greatly affected by the streamline pat- 
tern, the air and water data cannot be compared 
for the longer drop inlets. 

The curves of figure XII-8 give the increase in 
the crest loss coefficient (K e - K c , B ) that results 
from the decrease in drop inlet width attributable 
to the sidewall thickness as a function of the relar 
tive antivortex plate height. An advantage of 
these curves is that they reduce all the crest loss 
coefficients for different wall thicknesses to a com- 
mon curve for each drop inlet length. 

Development of the equation, An equation 
representing the data in figure XII-8 was devel- 
oped by: 

(1) Fitting empirical curves to the plotted data 

for each drop inlet length. 

(2) Reading points from the curves drawn to 
represent the data, and plotting the points on 
logarithmic paper. 

(3) Selecting by trial a constant to subtract 
from each logarithmic curve to produce a single 
straight line on logarithmic paper. 

(4) Plotting the subtractive constants against 
the relative drop inlet length on logarithmic 
paper. 

(5) Drawing a straight line on this latter plot 
to represent the subtractive factor. The equation 
of the straight line plotted on logarithmic paper 
to represent the effect of antivortex plate height 
is 0.1(Z P /D)- 3 . The equation of the straight line 
plotted on logarithmic paper which represents 
the subtractive factor required to account for the 
effect of drop inlet length is 0.02(B/D) 6 /^, There- 
fore, the equation representing the data plotted 
in figure XII-8 is 
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The curves drawn in figure XII-8 were com- 
puted using equation XII-8. They show that 
equation XII-8 represents the data satisfactorily. 

The equation for the crest loss coefficient can 
be obtained by substituting equation XII-7 in 
equation XII-8 and solving for K e . Thus 



The first term in equation XII-9 represents the 
effect of the relative crest thickness on the crest 
loss coefficient. It is valid only for t c /D ^ 0.5; for 
values of t c /D g 0.5, the jet clings to the side of 
the drop inlet and the first term of equation 
XII-9 is zero the pointed brackets indicate that 
the first term in equation XII-9 is zero for nega- 
tive values. The second term represents the effect 
of the relative antivortex plate height, The third 
term represents the effect of the relative drop in- 
let length on the crest loss coefficient. 

Precision of the equation, The degree to 
which equation XII-9 represents the test data 
was determined by computing K e for each series 
for which the drop inlet dimensions meet the 
recommended criteria; that is, for all series for 
which equation XII-9 is valid. Computed values 
of K c and the percentage deviations from the ob- 
served values of K c are shown in table XII-1. 

The average error between the test data and 
equation XII-9 for the valid tests listed in table 
XII-1 is + 22 percent. The maximum and mini- 
mum errors are +92 percent and 41 percent. 
The average error for the 23 valid water tests 
was + 5 percent while the average error for the 
252 valid air tests was +23 percent. However, 
the spread of the errors, +92 to 41 percent for 
the water tests and +88 to 22 percent for the 
air tests, was of a comparable order of magnitude. 

No trend of the percentage errors with respect 
to antivortex plate height or overhang could be 
detected. There appears to be no trend of the 
percentage errors for relative drop inlet lengths 
less than 5; but, the percentage errors for B/D 5 
are less, although the difference may be fortui- 
tous, than for other drop inlet lengths. However, 
a. trend of the percentage errors with crest thick- 
ness is evident: The equation XII-9 value of the 
crest loss coefficient is less than the observed 
value for the thinner crests and becomes greater 
than the test value for the thicker crests; the 
average percentage error in the crest loss coeffi- 
cient gradually changes from 13 for t c /D = 0.1 
to +34 at t e /D = 0.33 and remains constant for 



thicker crests. No attempt was made to improve 
equation XII-9 to eliminate this trend. 

The precision of equation XII-9 appears to be 
low. All efforts, however, to improve its precision 
have failed. 

Barrel entrance loss coefficient 

The barrel entrance energy loss coefficient de- 
scribes the small energy loss that occurs between 
the midheight of the drop inlet and the barrel 
entrance plus the loss caused by the barrel en- 
trance. The actual head lost h t is the difference 
between the energy head at the drop inlet piezo- 
meter described under the paragraph heading 
Crest loss coefficient and the energy head meas- 
sured by projecting the friction gradeline in the 
barrel to the barrel entrance. 

The barrel entrance loss coefficient K, is defined 



K ( = 



where V p = Q/A P is the average velocity in the 
barrel in feet per second and A p is the barrel area 
in square feet. The following paragraphs will dis- 
cuss the effect on K t of the barrel Reynolds' num- 
ber, the drop inlet length, the type of barrel en- 
trance, and the barrel slope. As might be reason- 
ably expected, the barrel entrance loss coefficient 
was independent of crest conditions such as the 
crest thickness or the antivortex plate height or 
overhang. The section will conclude with the de- 
velopment of equations for the barrel entrance 
loss coefficients and a discussion of the precision 
of these equations. 

Effect of Reynolds' number. The typical ef- 
fect of the Reynolds' number R = V p D/v on tho 
barrel entrance loss coefficient is shown in figuro 
XII-9. The curves drawn show the barrel en- 
trance loss coefficient is constant for Reynolds* 
numbers exceeding 150,000. This is in reasonable 
agreement with the analysis of the results of tests 
on bends reported by Anderson 10 . This compari- 
son is possible because the flow from the drop 
inlet to the barrel is akin to that in a miter bend . 

The barrel entrance loss coefficients used in the 
subsequent analyses are the average of the ex- 
perimental coefficients obtained for values of It 
ranging from a minimum of about 200,000 to the 
maximum obtainable with the air apparatus of 



"Anderson, A. G. Hydraulics of conduit bends. Univ. 
Minn., St. Anthony Falls Hydraul. Lab., Bui. No. 1, 
22 pp., illus. December 1948, p. 9. 
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FIGURE XII-9.- The effect of Reynolds' number on the barrel entrance loss coefficient. 
Grooved-edged entrance, S r: 0.4. 



about 250,000. The maximum values of the ex- 
perimental Reynolds' numbers approximate the 
minimum field values. Therefore, the applicability 
of the experimental results to field conditions as- 
sumes that the barrel entrance loss coefficient is 
constant for Reynolds' numbers exceeding about 
200,000. 

Effect of drop inlet length. Figure XII-10 
presents typical data showing that the barrel en- 
trance loss coefficient decreases as the drop inlet 
length increases. This is probably a result of the 
better approach conditions for the flow upstream 
of the barrel entrance which exist as the drop 
inlet is lengthened. 

Effect of shape of barrel entrance. The 
shapes of barrel entrance tested are shown in 



figure XII-1 and are described in the section, 
Drop Inlet Description. A typical effect of the 
barrel entrance shape on the barrel entrance loss 
coefficient is shown in figure XII-10. To avoid 
confusion, only a sample of the data listed in 
table XII-1 that for Zp/D 0.8 has been 
plotted in figure XII-10. 

The air data represented by open circles and 
squares show a small but possibly not significant 
increase in the square-edged barrel entrance loss 
coefficient if the crown of the barrel does not in- 
tersect the downstream wall of the drop inlet. 
Nevertheless, separate curves are shown for each 
entrance. The water data, represented by solid 
circles, generally agree well with the open circle 
air data. 
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The groove-edged barrel entrance loss coeffi- 
cient (represented by triangles) is considerably 
less than the square-edged coefficient. This is 
expected because the barrel entrance loss coeffi- 
cient is a direct measure of the expansion losses 
in the barrel, which are sensitive to the shape of 
the barrel entrance edge. The larger barrel en- 
trance resulting from the groove reduces the ex- 
pansion loss as compared with the loss for the 
square-edged barrel entrance. 

Effect of barrel slope. The barrel entrance 
loss coefficient K t decreases as the barrel slope in- 
creases. This effect is similar to that at elbows, 
and it is expected because the angle through 
which the water turns as it leaves the drop inlet 
and enters the barrel decreases as the barrel 
slope increases. Typical data are shown in figure 
XII-11. 



As in figure XII-10, to avoid confusion only 
the data for Z P /D 0.8 are plotted in figure 
XII-11. For the square-edged entrance shown in 
figure Xll-l(a), data are presented for four 
values of the drop inlet length. To avoid overlap, 
the only data plotted for the square-edged en- 
trance shown in figure Xll-l(b) are for the 
shortest drop inlet and the only data plotted 
for the groove-edged entrance shown in figure 
XII-l(c) are for the longest drop inlet. The ef- 
fect of barrel slope on the barrel entrance loss 
coefficients is less for the inlet shown in figures 
Xll-l(b) and (c) than it is for the inlet shown 
in figure Xll-l(a). 

Equation for the barrel entrance loss coeffi- 
cient. The entrance loss coefficient for each bar- 
rel entrance is a function of the barrel slope and 
the drop inlet length. The equation for this co- 
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efficient waa developed from plots similar to that 
shown in figure XII-11, and its precision was 
checked against the original data, The findings 
are presented in the following subsections. 

Development of the equation, The data were 
first plotted as shown typically in figure XII-11. 
On these plots it was seen that the effect of barrel 
sJope on the barrel entrance loss coefficients was 
the same for all drop inlet lengths, although the 
slope effect did vary with the form of the barrel 
entrance. As a result, parallel lines were drawn 
through the data for each barrel entrance to 
represent the slope effect. The intercepts of these 
lines at zero barrel slope were read from the plot. 
The intercepts are best represented by a constant 
that was a function of the barrel entrance shape 
plus 0.55 times an inverse function of the drop 
inlet length raised to the five-thirds power. 

The equations giving the barrel entrance loss 
coefficients K ( for the three types of barrel en- 
trances are: 

For the square-edged barrel entrance shown in 
figure XII-1 (a), 



Ki 0.43 + 



0.5S 



(B/D)' 



0.45 S (XII-11) 



For the offset square-edged barrel entrance shown 
in figure XII-1 (b), 



= 0.43 



(B/D)' 



- 0.26 s 



(XII-12) 



For the groove-edged barrel entrance shown in 
figure XII-1 (c), 



K. 0,25 + 7^^-0.255 



(xn-18) 



Although equations XII-11, XII-12, and XII- 
13 may not give a good estimate of the barrel 
entrance loss coefficient in individual cases, the 
average estimate of K } is good. 

Entrance loss coefficient 

The entrance loss coefficient represents the loss 
of energy between the headpool surface and the 
barrel entrance plus the loss in the barrel caused 
by the barrel entrance. An equation giving the 
entrance loss coefficient will be developed, and the 
precision with which the equation represents the 
data will be evaluated, 

Development of the equation. The entrance 
loss coefficient K B ds 



K. 



h. 



(XII-14) 



where V p is the velocity in the barrel and 

h. = he + h, (XII-16) 

The losses h c and h t are defined by equations 
XII-2 and XII-10. When equations XII-14, 
XII-2, and XII-10 are solved for h e , h c and h i( 
these values are substituted in equation XII-16, 
and both sides of the equation are divided by the 
velocity head in the barrel V p a /2 g, 



+ K. 



(XII-16) 



From continuity, A r V r = A P V P where A r = BD is 
the area of the two-way drop inlet and A p = TT 
D a /4 is the area of the circular barrel. When these 
values are substituted in equation XII-16, the 
expression for K, becomes 



K '- K '(TB/D) 



(XII-17) 



Precision of the equation. The entrance loss 
coefficient K can be calculated from equation 
XII-17. Values of K c are obtained from equation 
XII-9 and values of K t from equations XII-11, 
XII-12, and.XII-13. The computed values of K. 
and the percentage deviations from the observed 
values of K, are shown in table XII-1 for all 
series for which the drop inlet dimensions meet 
the recommended criteria; that is, for all series 
for which equation XII-17 is valid. 

The average error between the test data and 
equation XII-17 for the 254 valid tests listed in 
table XII-1 is 3 percent. The maximum and 
minimum errors are +14 percent and 19 per- 
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FIGURE XII-12. Pressure distribution on the bottom of the antivortex plate, Z P /D = 0.1. 



cent. The average, maximum and minimum per- 
centage differences for the 110 water series are 
9, +13 and 19 and for the 144 air series are 
+ 1, +14 and 11. There are no readily ap- 
parent trends in the errors with respect to the 
drop inlet geometry. The only trend noted is that 
the water differences are predominantly negative 
and greater in absolute value whereas the air dif- 
ferences are predominantly positive and smaller 

in absolute value. 

Although the prediction equations indicate 
maximum differences of +14 percent and 19 
percent from the observed values of the entrance 
loss coefficients, the average difference is only 
3 percent. 



CAUTION regarding use of K c and K, to com- 
pute K.. Data for K c and K, obtained from dis- 
similar models cannot be used to compute K B . 

For example, the drop inlet piezometer tap in 
the air apparatus used to develop the equations 
for K e and K t was located on the drop inlet side- 
wall ID upstream from the downstream endwall. 
For the water apparatus, the piezometer was lo- 



cated at the midlength of the drop inlet, which 
gives geometric similarity with the air apparatus 
only for the water drop inlet 2D long. The effect 
of this lack- of similarity in the piezometer loca- 
tions is that the developed equations give values 
of K e for the long water drop inlets that are fre- 
quently more than 200 percent of the observed 

values. 

Another example may be taken from the tests 
performed at the ARS Stillwater, Okla., Outdoor 
Hydraulic Laboratory. There the values of K e are 
computed using six piezometers at various loca- 
tions in the drop inlet; the Stillwater piezometer 
locations are not similar to those used at St. 
Anthony Falls and reported herein. As a result, 
the Stillwater values of K cannot be combined 
with the equations XII-11, XII-12, and XII-13 
values of K t to obtain K e . 

Valid and identical values of K 8 can be obtained 
only if the Stillwater and St. Anthony Falls 
values of K e and Ki are not combined to compute 
K 8 . Conversely, valid and identical values of ^K. 
can be obtained if either, but not both, the Still- 
water or St. Anthony Falls values of K e and K t are 
used to compute K a . 
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Spillway Pressures 

To structurally design the drop inlet, the pres- 
sures on the antivortex plate, the sidewalls and 
the endwalls must be known. Also, to determine if 
cavitation may occur, the pressures on the drop 
inlet crest and in the barrel just inside its en- 
trance must be known. 

Pressures within the two-way drop inlet spill- 
way were measured on the underside of the anti- 



vortex plate, on the drop inlet sidewalls (on the 
outside, the crest, and the inside), on the inside 
of the downstream drop inlet endwall and anti- 
vortex plate support walls, and in the barrel just 
downstream from the barrel entrance. 

Pressure coefficients are presented for use by 

designers. These pressure coefficients when mul- 
tiplied by the velocity head between the anti- 
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FIGURE XII-13. Pressure distribution on the bottom of the antivortex plate, Z P /D = 0.2. 
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FIGURE XI 1-14. Pressure distribution on the bottom of the antivortex plate, Z P /D = 0.4. 



vortex plate and the crest, in the drop inlet, or 
in the barrel, whichever is applicable give the 
actual pressure at the desired point. 

Antivortex Plate Pressures 

On the premise that the pressures on the 
underside of the antivortex plate are most closely 
related to the velocity between the antivortex 
plate and the drop inlet crest, these pressures 
were divided by the average velocity head be- 
tween the antivortex plate and the drop inlet 
crest. This gave the pressure head coefficient for 
4he antivortex plate h n /h ve : 



(XII-18) 



where h n is the difference in head in feet, and 
Ap n is the difference in pressure in pounds per 
square foot between any point n in the drop inlet 
and the static head or static pressure outside the 
drop inlet at the same elevation; h ve = V c a /2 g is 
the average velocity head between the antivortex 
plate and the drop inlet crest in feet; V c is the 
average velocity between the antivortex plate 
and the drop inlet crest in feet per second; w is 
the specific weight of water in pounds per cubic 
foot; and g is the gravitational acceleration in 
feet per second per second. 
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Pressure heads on the underside of the anti- 
vortex plate are always less than the static pres- 
sure head at the same elevation, As a result, the 
pressure head coefficients are always negative. 

The pressure on the underside of the antivortex 
plate was measured by a row of piezometers lo- 
cated perpendicular to the drop inlet longitudinal 
centerline and one pipe diameter upstream from 
the downstream end of the drop inlet. Fifteen 
piezometers were used for the early tests made 
with crest thicknesses t c /D of 0.104 and 0.500 and 
drop inlet lengths ranging from 1.5D to 10D. Only 
five piezometers were used for the tests made 
with crest thicknesses t c /D of 0.157, 0.242, 0.331 



and 0.658 and drop inlet lerigths of 1.5D, 2D, 3D 
and 5D. 

The pressures on the underside of the anti- 
vortex plate are shown in figures XII-12 through 
XII-16. The pressure coefficients are negative; 
they add to the load on the antivortex plate. 

The antivortex plate pressures outside the drop 
inlet will be analyzed separately from those inside 
the drop inlet. 

Pressure outside the drop inlet 

Subfigures (a) of figures XII-12 through XII- 
16, which present the results of tests on the 
crests 0.104D thick where there were 15 piezo- 
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FIGURE XII-16. -Pressure distribution on the bottom of the antivortex plate, 2 P /D = 0.6. 
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meters on the antivortex plate, were used in the 
preliminary analysis because these data best de- 
fine the relationship between the pressure co- 
efficients and the distance from the drop inlet. 
For each antivortex plate height an overlay curve 
was sketched and compared with the observed 
data. When a satisfactory fit had been obtained, 
an equation was developed that fit all of the over- 
lay curves. This equation is 



= logm" 1 



0,1 25 - 



0.44 x 



Zp/DD. 



(XII-19) 



where x is measured outward from the outside 
wall of the drop inlet. 

Equation XII-19 has been plotted on figures 
XII-12 through XII-16. The equation gives a 
reasonable representation of the pressure on the 
underside of the antivortex plate. Appreciable 
deviation between the equation and the observa- 



tions occurs only for the lOD-long drop inlets. 

Equation XII-19 can be written using V r and 

h w , the average velocity and velocity head in 

the riser or drop inlet respectively. Since Q 



V, 



2Z P /D 



and 



-^ = j!l 

Kvc nvr 



1 



f (2Z P /D)' 



(XII-20) 

(XII-21J 
(XII-22) 



Substituting this value in equation XII-19, the 
pressure on the underside of the antivortex plate 
outside the drop inlet is, in terms of the velocity 
head in the drop inlet, 



hvr 



jrlogir'f-o.^B- 



(XII-23) 
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Pressure inside the drop inlet 

An examination of figures XII-12 through 
XII-16 shows that the pressures on the underside 
of the antivortex plate are approximately con- 
stant across the width of the drop inlet. 

To make the analysis, the average minimum 
pressure for all values of B/D was read from each 
subfigure of figures XII-12 through XII-16 and 
was tabulated. Manipulation showed that an ap- 
proximate envelope curve could be drawn on a 
plot of (h n /h vc )(Z p /D) versus t e /0. The envelope 
curve of minimum average pressure on the under- 
side of the antivortex plate within the drop inlet 
has the equation 



ji. 0.55 + 0.25 log,. (l/D) 

hv= Z P /D 



(XII-24) 



Equation XII-24 has been plotted on figures 
XII-12 through XII-16. As shown in figure 
XII-12, for the lowest antivortex plate the equa- 
tion pressures are appreciably lower than the ob- 
served pressures, And, as shown in the (e) sub- 
figures of figures XII-14 to XII-16, the com- 
puted pressures are higher than the observed 
pressures for the lOD-long drop inlets. Otherwise 
the values of the pressures in the drop inlet com- 
puted from equation XII-24 appear to represent 
the data reasonably well. 

Equation XII-24 can be written in terms of 
the drop inlet velocity head by substituting in it 
equation XII-22. Thus 



- 0-65 + 0.25 [og lc (u/D) 



(XII-25) 



Pressure over the crest 

The pressures on the underside of the anti- 
vortex plate and over the crest can be approxi- 
mated by extending the pressures given by equa- 
tions XII-24 or XII-25 to over the midpoint of 
the crest, then varying the pressure uniformly 
to the pressure given by equations XII-19 and 
XII-23 at x/D = 0, the outer edge of the crest. 

The suggested approximation of the pressures 
over the crest is shown in figures XII-12 through 
XII-16. The best evaluation of the approxima- 
tion can be made in figure XII-12(b) and the 
(e) subfigure of figures XIM3 through XII-16. 
This is because the crest is relatively thick 
(t c /D 0.500) and more piezometers are avail- 
able to make the evaluation. 

Although the suggested approximation is a 
reasonable representation of the pressures on that 



part of the underside of the antivortex plate 
which lies above the sidewall crest, it is likely 
that using the pressures given by equations 
XII-24 or XII-25 over both the inside of the 
drop inlet and the crests will be satisfactory for 
ordinary design use. 

Comments 

Equations XII-19, XII-23, XII-24 and 
XII-25 give the average maximum hydraulic 
loading on the antivortex plate for full conduit 
flow. Loadings for less than full flow will not ex- 
ceed the full-flow loading. 

If trash racks are used, these hydraulic loads 
apply only when there is a negligible head loss 
through the trash racks. The load resulting from 
partial or complete plugging of the trash racks 
must be added to the hydraulic loads presented 
herein. 

Crest Pressure 

To evaluate the pressure on the drop inlet crest 
h no , the pressure was measured at from two to 
four points. Pressures were always measured at 
the crest centerline and at 45 degrees on the 
curved downstream surface of the crest. Pressures 
were also measured at the end of the crest curve 
for crest thicknesses t c /D of 0.157, 0.242, 0.331 
and 0.658, and at 30 degrees from the horizontal 
for f c /D 0.658. All piezometers were located ID 
upstream from the downstream end of the drop 
inlet. 

The pressure coefficients h nc /h vr are plotted in 
figure XII-17. All values of h^/h*, are negative. 
Many of the pressures for B/D = 10, which are 
shown as hexagons in figures XII-17 (a) and 
XII-17(e) , plot below the remainder of the data. 
The reason for this is unknown. These data were 
ignored in the subsequent analysis. 

The extent of the vertical line through some 
of the data points represents the range of h nc /h vr 
observed at the several piezometer taps. In 
general, the smaller the symbol, the less the range 
of the observed pressures. Many of the pressures 
at the several taps on each crest agreed closely. 
For other crests the pressures at the several taps 
were significantly different. No regular pattern 
of the differences was discovered. 

A hyperbolic equation was fitted to the data 
shown in figure XII-17. The equation is 



hn, 
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ry I.* i 

L (Zp/Dl^J 



(XII-26) 
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the quantity in braces is 2, 

Equation XII-26 has been plotted in figure 
XII-17 to show that the equation well repre- 
sents the data. Equation XII-26 has also been 
plotted in figures XII-19 through XII-23, which 
show the pressure distribution on the drop inlet 



sidewall. In figures XII-19 through XII-23, 
equation XII-26 has been considered to apply 
along the crest curve. 

Sidewall Pressure 

The pressure on the drop inlet sidewall was 
measured by a row of piezometers located one 
pipe diameter upstream from the downstream 
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end of the drop inlet. Pressures were measured on 
both the inside and outside of the sidewalk The 
inside piezometers extended from the crest to the 
midheight of the 5D-high drop inlet used for these 
tests. They were located at distances below the 
drop inlet crest z/D of 0.25, 0.50, 0.75, 1.00, 1.5, 
2.0 and 2.5, An exception was the uppermost 
piezometer when t c /D = 0.658, which was located 
at z/D = 0,329 the downstream end of the crest 
radius. The vertical distance below the drop inlet 
crest -L is positive below the crest elevation and 
negative above the crest elevation. The outside 
piezometers extended only to 0.75D below the 
crest and were installed only on the drop inlets 
having wall thicknesses t c /D of 0.104 and 0.500. 
These piezometers were located at z/D 0.13, 
0.25, 0.50 and 0.75. 

Pressure heads on the sidewall are always less 
than the static pressure head at the same eleva- 
tion. As a result, the pressure head coefficients are 
always negative. 

The pressures outside and inside the drop inlet 
will be analyzed separately, and then combined to 
determine the net load on the sidewall. 

Pressure inside the drop inlet 

The pressures near the top of the inside side- 
wall of the drop inlet were initially analyzed on 
the premise that the stream would separate from 
the sidewall, at least for the thinner sidewalls, 
and that the sidewall pressure in the separation 
zone would be constant and equal to the pressure 
on the sidewall crest given by equation XII-26. 
On the other hand, the sidewall pressures near 
the midheight of the drop inlet were initially 
analyzed on the premise that the flow was es- 
sentially uniform, that the pressure coefficient at 
the midheight would be (K + 1) where K c 
is computed from equation XII-9, and that pres- 
sures above the midheight would be a function of 
the pressure gradient. The problem, then, was to 
determine the regions where each premise was 
valid; to determine and evaluate the effect of 
antivortex plate height, sidewali thickness and 
drop inlet length on the sidewall pressures; and 
to devise methods for evaluating the pressures 
necessary for the structural design of the drop 
inlet sidewall. 

An initial step in the analysis was to divide the 
relative pressure h n /h r measured at each pressure 
tap on the drop inlet sidewall by: (1) the relative 
pressure on the crest h ne /h f computed using equa- 



tion XII-26, and (2) the quantity . (K c + 1) 
with K c computed using equation XII-9. 



( should be 1.00 





The first ratio, 



if the observation point is in the separation zone. 
Similarly, the second ratio, 

(nn/fivr) observed 



_ should be 1.00 at the 

> computed 

midheight of the drop inlet and should deviate 
slightly from 1.00 at points above the midheight 
if the flow in the drop inlet is uniform. These are 
the principal ratios, based on the previously men- 
tioned premises, used in the subsequent analysis. 
The two ratios computed for each series were 
tabulated side by side to facilitate comparison. 
The ratio closest to 1.00 determined which de- 
nominator used to normalize the data best repre- 
sented the experimental results. The number of 
series, expressed as a percentage, in which the 
ratio based on (K e + 1) is closer to 1.00 than 
the ratio based on the crest pressure (equation 
XII-26) is listed in table XII-4 for each piezo- 
meter and crest thickness. Percentages exceeding 
50 indicate that (K e 4- 1) is the best normal- 
izer; percentages less than 50 indicate that the 
crest pressure is the best normalizer, that is, that 
the piezometer is located in or is primarily af- 
fected by the separation zone. The tabulated per- 
centages indicate that the crest pressure best 
normalizes the observed pressure for the pressure 
tap 0.25D below the drop inlet crest (z/D = 0.25) , 
and for crest thicknesses less than 0.500D when 
z/D = 0.50 and crest thicknesses less than 0.331D 
when z/D = 0.75. With one exception, the pres- 
sure at the drop inlet midheight, (K c + 1), 
best normalizes all other observed pressures. 

Plotting the best normalized ratios averaged 
for all variables except antivortex plate height 

TABLE XII-4. Percentages of inside sidewall 
pressure observations best normalized by 
~ (Kc + 1) 



*e 








i/D 








D 


0.25 


0.50 


0.75 


1.00 


1.50 


2.00 


2,60 


0.104 


40 


35 


38 


57 


85 


96 


100 


.157 








12 


24 


62 


82 


100 


.242 


12 


25 


44 


59 


71 


94 


100 


.331 


25 


44 


62 


69 


88 


100 


100 


.500 


25 


60 


60 


65 


70 


85 


100 


.658 


22 


63 


71 


75 


81 


94 


100 
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against the antivortex plate height showed only 
random variation. As a result, no further cor- 
rection for the effect of the antivortex plate 
height was necessary. 

Plotting the best normalized ratios averaged 
for all variables except drop inlet length against 
drop inlet length showed a systematic variation 
for all piezometers except that piezometer located 
at the drop inlet midheight. Because preliminary 
analyses and considerations based on analysis of 
streamlines plotted with the aid of conductive 
paper indicated that the measured pressures are 
a function of the drop inlet length, this variation 
was not unexpected. However, when z/D = 0.50 
and 0,75, a more orderly arrangement of the vari- 
ations between the several piezometers was ob- 
tained when ~-(K c -|- 1) was used to normalize 
the pressures for all crest thicknesses instead of 
only those piezometers where the percentage in 
table XII-4 exceeds 50. As a result, the crest 
pressure was used to normalize the pressure only 
for the piezometer located at z/D = 0.25. 

A means was sought of describing the variation 
of drop inlet sidewall pressure with drop inlet 
length. For the midheight piezometer (z/D=2.6) , 
the drop inlet length effect is included in the 
computation for K and no further correction for 
drop inlet length is required. This is demon- 
strated in figure XII-18(a) where the value of 



the ratio 



observed 



- (Kc + 1) 



computed 



is close to 1.00 



and is constant with respect to the relative drop 
inlet length B/D. Such constancy, however, does 
not exist for the piezometers located above the 
drop inlet midheight. This is demonstrated in 
figure XII-18(b), (c), and (d), where the varia- 
tion of the ratio with drop inlet length increases 
with the distance from the midheight piezometer 
(decreasing z/D), 

When the logarithm of the ratio 
(hn/hvr) / [ - (K + 1)] the ratio of the ob- 
served pressure head to the velocity head in 
the drop inlet normalized by the pressure co- 
efficient at the drop inlet midheight was plotted 
against (B/D) a the square of the relative drop 
inlet lengtha systematic trend was apparent. 
This trend can be represented by the equation 



v - 
K./D = 



1.742- log., (z/D) (fl/D) 1 
- - l ' 
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FIGURE XII-18: Sidewall pressure divided by computed 
midheight pressure, Z P /D ~ 0.8. 



KB/D is the multiplier correction for drop inlet 
length to be applied to (K c + 1) , and for 

i/D SB 0,5, 0.7B, 1.0, l.B, 2,0, 2.5, 
b == 1.0145, 1.0126, 1.0112, 1.0090, ,1.0047, 1.0000. 

(For 0.6^ i/D ^1.6, 



b. 0.992B + 0.0145 



for B/D ^ 7 (for B/D > 7, use B/D = 7) where 



To test equation XII-27, the ratio 
(hn/hvr) / [ KB/D (Kc + 1)] was computed for 
each test series. When this ratio, averaged for 
each crest thickness t c /D, was plotted against t c /D 
a systematic trend was apparent. This indicated 
a need to apply a correction for the crest thick- 
ness effect. 

The multiplier correction for the effect of crest 
thickness Kt c /D is represented by the equation 
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K (e /D= (0.68 + 0.08 ~ 



0.072 -- 



(XII-28) 



where 0.5^z/D^2.5. 

To test the product of equations XII-9, 
XII-27, and XII-28 against the observed data, 
the ratio (h n /h vf ) / [ KB/D^/D (K + 1)] was 
computed for each test series. Compared with the 
ratios computed using the K B /D correction only, 
there was a considerable improvement in the 
agreement of the equations with the original data 
averaged for each crest thickness. The average 
ratios for all tests showed little change, but there 
was a reduction in the probable error as a result 
of correcting for the crest thickness effect. The 
average ratio and the probable error are shown in 
table XII-5. Excluded from these figures are the 
data for B/D = 10, which were inconsistent with 
the remainder of the data, and the data for 
Zp/D x 0.1, which are for an antivortex plate 
height lower than is recommended. 

A column for i/D = 0.25 was added to table 
XII-5. The values given by equation XII-26 
multiplied by 0,93 were used to normalize the 
pressures for this piezometer. 

The agreement of the equation with the ob- 
served sidewall pressures is shown in figures 
XII-19 through XII-23 for all available perti- 
nent data. It can be seen that the equations do 
not represent the pressures when B/D = 10, this 
observation agreeing with the previous state- 
ments that the data for B/D = 10 are inconsist- 
ent with the remainder of the data. In addition, 
the equations are not representative of the data 
shown in figure XII-19 where Z P /D = 0.1; for 



TABLE XII-5. Average agreement of observed 
inside sidewall pressures with computed 
pressures 



Item 



Q.26 0.50 0.75 1.00 1.50 2.00 2.50 



Ratio 1.00 .99 .99 .98 .97 .98 .99 

Probable 
error 08 .11 .11 .11 .09 .07 .05 



Zp/D = 0.1 the equation values of h n /h vf range 
from -91 to 181 when t c /D = 0.104 whereas 
the data are in the range 44 to 51, and when 
t c /D = 0.500 the values of h n /h vr range from 66 
to 123 whereas the data range from 28 to 
39. Furthermore, for Z P /D = 0.2, figure XII-20, 
the equations poorly represent the data. How- 
ever, because "X" in the notes of figures XII-19 
and XII-20 means that the "drop inlet dimen- 
sions do not meet the recommended criteria," the 
lack of agreement of the equations with the ob- 
served data is of no practical significance. 

The equations do well represent the observed 
data, except for B/D 10 as noted above, when 
Zp/D is 0.4 or greater. This is shown in figures 
XII-21, XII-22 and XII-23. In figure XII-21, 
where Zp/D = 0.4, the data and the equations 
agree to within 1 h w . In figures XII-22 and 
XII-23, where Z P /D 0.6 and 0.8 respectively, 
the agreement is better to within 0.5 k r . Thus, 
figures XII-19 through XII-23 show that the 
agreement of the equations with the data is good 
for all drop inlet proportions that meet the recom- 
mended design criteria. 



Pressure coefficient, h n /h vr 
-2 -40 -45 -50 -55 -60 -65 




p - 


-*" 


tf 

































Series 

A-20 
A-2 I 
A-22 
A-23 



Symbol B/D Notas* 

o 2 I, m, X 

A 3 m,X 

P 5 m,X 

o 10 m ,X 



"See notes on Table Xll< 
See text for equations of lines 

to) L/D.0.104 



Pressure coefficient, h n /h tfr 
-2 -25 -30 -35 -40 -45 -50 




Series Symbol B/D Notes' 



A-52 
A-51 
A-50 
A-49 



2 

3 
5 
10 



'See notes on Table Xll-l 
See text for equations of lines 

(b) L/D-0.500 



FIGURE XII-19. Pressure distribution on the drop inlet sidewall, Z P /0 = 0.1. 



48 



Pressure coefficient, h n /h vr 

-10 -12 -14 -16 -18 -aO -22 



Pressure coef flcient,h n /h vr 



0.0 




'See notes on Table Xll-l 
See text for equations of lines 

lo) L/D" O.I 04 



2 




'See notes on Table XII- 
See text for equations of lines 

(b) t a /DO.I 57 



-2 



g 2.0 
a 

I 2.5 



Pressure coeffielen!,h n /h vr 

-10 -12 -14 -16 -IB -20 -22 




Series 

A-385 
A-384 
A-383 
A-382 

'See notes on Table XII -I 
See tent for equations of lines 

(c) t./D-0.242 



Pressure coefflcient,h n /h vr 
-2 -10 -12 -14 -16 -18 -20 -22 




Series Symbol B/D Notes* 

A-401 1.5 w,X 
A-400 O 2 X 

A-399 A 3 X 

A-398 D 5 X 

See notes on Table Xll-l 
See text for equations of lines 

(d) L/D-0.33 I 



Pressure coefficient, h n /h vr 
-10 -12 -14 -16 -18 -20 -22 



Pressure coefficlent,h n /h v 




Series Symbol B/D Notes* 

A-45 o 2 X 

A-46 A 3 X 

A-47 a 5 x,X 

A-48 o 10 

"See notes on Table Xll-l 
See text for equations of lines 

(e) L/D- 0.500 




A-416 
A-415 
A-414 

'See notes on Table Xll-l 
See text for equations of lines 

(f) L/D- 0.658 



FIGURE XII-20. Pressure distribution on the drop inlet sidewall, Z P /D r= 0.2. 
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Pressure coefficient,h n /h vr 
-20 0-2 -4 -6 -8 -10 -12 




Series Symbol B/D Notes* 



A-12 
A- 1 3 
A- 14 
A- 15 



'See notes on Toble XII -I 
See text for equations of lines 

(a) L/0-0.104 



Pressure coefficient, h n /h yr 
-20 0-2 -4 -6 -8 -10 -12 




Series Symbol B/D Notes' 

A-370 1.5 X 
A-371 O 2 X 

A-372 A 3 h 

A-373 a 5 

'See notes on Table XII -I 
See text for equations of lines 

tb) L/D-0.1 57 



Pressure coefficient, rt n /h vr 
0-2-4 -6 -8 -10 
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Series Symbol B/D Notes' 


A-386 1.5 X 


A-387 o 2 X 


A-388 A 3 


A-389 D 5 


'See notes on Table Xll-l 



See text for equations of lines 
(c) t c /D=0.242 



-2 



8 -10 -12 




Series Symbol B/D Notes' 

A-402 O 1.5 X 
A-403 O 2 X 
A-404 A 3 

A-405 a 5 

"See notes on Table Xll-l 
See text for equations of lines 

(a) t c /D-0.33l 



0.0 



Pressure coefflciant,h n /h vf 

0-2-4 -6 -8 -10 -12 
TT 




Series Symbol B/D Notes' 

A-42 o 2 X 

A-41 & 3 

A-40 a 5 n 

A-39 o 10 

'See notes on Table Xll-l 
See text for equations of lines 

(e) L/D" 0.500 



Pressure coef flclent,h n /h vr 
0-2-4 -6 -6 -10 




Series Symbol B/D Notes* 

A-41 8 1.5 X 
A-41 9 O 2 X 
A-420 A 3 

A-42 1 a 5 

'See notes on Table Xll-l 
See text for equations of lines 



(f) yD-0.658 
FIGURE XII-21. Pressure distribution on the drop inlet sidewall, Z P /D = 0.4. 
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Pressure coefficient, h n /h vr 
-20 0-2 -4 -6 -8 -10 -12 



0.0 




Series Symbol B/D Notes' 



A-l I 
A-IO 
A- 9 
A- 6 



'See notes on Table Xll-l 
See teict for equations of lines 

(a) L/D" 0.104 



Pressure coefficient, h n /h vr 

-2 -4 -6 -8 -10 -12 




Series Symbol B/D Notes' 



A-377 
A-376 
A-375 

A-374 



1.5 

2 
3 
5 



'See notes on Table Xll-l 
See text for equations of lines 

(b) L/D-0.157 



0,0 



Pressure coefficient, h n /h vr 

0-2-4 -6 -8 -10 -12 




*See notes on 
See text for equations of lines 

(c) L/D- 0.242 



Pressure coefficlent,h n /h vr 
0-2-4 -6 -8 -10 




Series 

A-409 
A-408 
A-407 
A-406 



B/D 

1.5 
2 
3 

5 



Notes' 
X 



12 



Symbol 

o 

A 
D 

'See notes on Table Xll-l 
See text for equations of lines 



(d) I./D-0.33I 



Pressure coefficient, h n /h vr 




Series Symbol B/D Notes' 

A-35 O 2 

A-36 A 3 

A-37 D 5 

A-36 o 10 n, ec 

'See notes on Table Xll-l 
See tent for equations of lines 

(e) t Q /D-0.500 



Pressure coefficient, h n /h vr 
-20 0-2 -4 -6 -8 -10 -12 




Series Symbol B/D Notes* 

A-425 1.5 X 
A-424 o 2 
A-423 A 3 
A-422 P 5 

'See notes on Table Xll-l 
See text for equations of lines 

If) t,/D0.65B 



FIGURE XII-22. Pressure distribution oh the drop inlet sidewall, Z P /D = 0.6. 
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Pressure coefficient, h n /h vr 
20 0-2-4-6 -8 -10 -12 




Series 

A-4 
A-5 
A-6 
A-7 



Symbol B/D Notes' 
O 2 

A 3 



cc 



cc 



'See notes on Table XII -I 

See text for equations of lines 

(a) L/D-0.104 



Pressure mef firient,h n /h vr 
-20 0-2 -4 -6 -8 -10 -12 
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Series Symbol B/D Notes' 

A-378 1.5 
A-379 2 
A-380 A 3 
A-381 D 5 cc 



"See notes on Table Xll-l 
See text for equations of lines 

(b) L/D-0.1 57 



Pressure coefficient, h n /h r 
-20 0-2 -4 -6 -8 -10 -12 
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-i 

-5 B/D 






Series Symbol B/D Notes' 


A-394 1.5 


A-395 2 


A-396 A 3 


A-397 a 5 cc 



'See notes on Table Xll-l 
See text for equations of lines 

(c) t./D- 0.242 



Pressure coefficient, h n /h vr 
-20 0-2 -4 -6 -B -10 -12 



0.0 




Series Symbol B/D Notes' 

A-4 10 1.5 
A-4 I I O 2 
A-412 A 3 

A-4 1 3 a 5 

'See notes on Table Xll-l 
See text for equations of lines 

(d) L/D'0.331 



Pressure coefficient, h r /h vr 
0-2-4 -6 -8 -10 



Pressure coefficient, h n /h v 



12 




A-29 o |0 cc 

'See notes on Table Xll-l 
See text for equations of lines 

(e) L/D- 0.500 




Series Symbol B/D Notes' 

A -4 26 1.5 
A-427 o 2 
A-428 A 3 
A-429 a 5 cc 

"See notes on Table Xll-l 
See text for equations of lines 

(f) L/D-0.658 



FIGURE XII-23. Pressure distribution on the drop Inlet sidewall, Z P /D = 0.8. 
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Summary.' To compute the sidewall pressures 
inside the drop inlet: 
when z/D = 0.25, multiply the value obtained 

from equation XII-26 by 0.93; 
when 0.5^ z/D ^2.5, multiply - (K c -f- 1), with 
K c computed by equation XII-9, by the drop 
inlet length correction given by equation 
XII-27 and by the crest thickness correction 
given by equation XII-28. 
The average precision of the prediction is indi- 
cated in table XII-5. The agreement of the equa- 
tions with the observations is shown in figures 
XII-19 through XII-23. 

Pressure outside the drop inlet 

Sidewall pressures outside the drop inlet were 
measured at distances below the crest z/D of 0.13, 
0.25, 0.50, and 0.75 for drop inlet crest thick- 
nesses t c /D of 0.104 and 0.500 and drop inlet 
lengths B/D of 2, 3, 5, and 10. It was reasoned 
that the pressures h n would be most closely re- 
lated to the velocity between the antivortex plate 
and the crest h vc . 

An inspection of the tabulated values of h n /h vc 
indicated that, with respect to the distance below 
the drop inlet crest z/D, the relationship was 
hyperbolic. A tabulation of the product (h n /h c ) 
(z/D) showed the product to be substantially 
constant for each antivortex plate height Z P /D, 

When (h n /h vc ) (z/D) was plotted against Z P /D, 
the relationship was adequately represented by 
a straight line. The resulting equation for the 
relative pressure on the outside of the drop inlet 
sidewall is 



(XII-29) 



(XII-80) 



h ve 8 z/D 

which can be reduced to 

hn 1 Zp 



Using equation XII-21, equation XII-29 can be 
expressed in terms of the velocity head in the 
drop inlet. Thus 



__ 
rlvr 



(XII-31) 



Equation XII-29 was tested by computing the 
differences between the computed and the ob- 
served relative pressures h n /h vc . The maximum 
average error is 0.05 and the maximum probable 
error is 0.03. In general, the errors increased as 
the antivortex plate height increased. A reason 



for this may be that the velocity between the 
antivortex plate and the crest is low for high 
antivortex plates. When the sidewall pressure is 
divided by the low velocity head, any error in the 
pressure measurement is magnified, so there may 
be a larger error for the high antivortex plates 
than for the low antivortex plates where the 
velocities are higher. However, the precision of 
the results is well within practical needs. 

Equation XII-31 has been plotted on figures 
XII-19 through XII-23. It is apparent that the 
equations well represent the data. 

Net pressure on the sidewall 

The net pressure load on the sidewall is the 
difference between the pressures inside and out- 
side the drop inlet. 

When the drop inlet is completely full, the 
pressures outside the drop inlet are computed 
using equation XII-31. The pressures inside the 
drop inlet are given by equation XII-26 over the 
crest curve, by 0.93 times the result obtained 
using equation XII-26 when z/D = 0.25, and by 
-KB/D K, C/D (K c -I- 1) when 0.5 ^ z/D ^ 2.5 where 
KB/D is given by equation XII-27, K, e/D is given by 
equation XII 28 and K c is given by equation 
XII-9. Because the inside pressures are always 
less than the outside pressures, the net load is 
inward. 

When the drop inlet is partly full, as is the case 
for weir flow over the drop inlet crest, the pres- 
sures inside the drop inlet are approximately at- 
mospheric. The pressures outside the drop inlet 

are the Static urpssiiivaH whiph nnnr fh 



and the crest thickness; and outside the drop 
inlet there were from to 12 piezometers. Only 
for crest thickness t c /D of 0.104 and 0.500 were 
there sufficient piezometers outside the drop inlet 
to permit sketching the complete pressure con- 
tours. When t e /D = 0.104, the overhang of the 
endwalls U/D was 1.86; and for t e /D = 0.500,. 
U/D was 1.50. For other crest thicknesses, L /D 
varied from 4.0 to 3.5 depending on the crest 
thickness, the same endwall being used for all 
crest thicknesses. Despite the large number of 
piezometers, there were far too few to permit 
accurate drawing of the pressure contours, es- 
pecially in the vicinity of the crest where the end- 
wall pressures vary rapidly with distance in any 
direction. 

Pressure heads on the endwall are always less 
than the static pressure head at the same eleva- 
tion. As a result, the pressure head coefficients 
hn/hv r are always negative. 

All attempts to reduce the endwall pressures 
to a common denominator led to unsatisfactory 
presentations of the data, One of these attempts 
involved normalizing the pressure coefficients 
using the computed pressure at the drop inlet 
midheight - (K c + 1), K e being computed from 
equation XII-9. Another attempt, equally un- 
successful, was to correct (K c + 1) using K B/D 
and K (c/D computed from equations XII-27 and 
XII-28. 

The analytical procedure ultimately adopted 
was to first record the pressure coefficients for 
each test series on a drawing of the endwall ele- 
vation. To assist in extending the contours to the 
underside of the antivortex plate, the antivortex 
plate pressures measured ID upstream from the 
downstream endwall were added to the work 
plots, 

Pressure coefficient contours were then drawn. 
Inspection showed that the pressure coefficient 
contour patterns were approximately similar for 
each crest thickness, but that the magnitude of 
the pressure represented by each contour varied 
greatly with antivortex plate height and slightly 
with drop inlet length. Therefore, a typical pres- 
sure coefficient contour pattern was sketched on 
tracing paper for each crest thickness. 

The contour pattern was then placed over the 
plotted data for each test seriesi and representa- 
tive pressure coefficients for each contour were 
read and tabulated. A study of the tabulations for 
drop inlet lengths B/D of 1.5, 2, 3, and 5 demon- 



strated, within the limits of experimental pre- 
cision and the variations in the sketched locations 
of the contours, that the variation with B/D was 
not significant. Therefore, a single tabulation of 
the pressure coefficient h n /h vr for each contour 
was prepared for each crest thickness t c /D, the 
value of h n /h r then being a function of the con- 
tour and the antivortex plate height Z P /D. 

The experimental results are presented in 
figure XII-24 in the form of lettered pressure co- 
efficient contour lines for each crest thickness 
tested. The value of h n /h vr for each contour is 
given in an accompanying table as a function of 
the antivortex plate height. 

A quick check on the precision of the sum- 
maries presented in figure XII-24 indicates that 
they represent the observed pressures to within 
perhaps 25 percent on the average. As noted 
previously, the rate of change of pressure with 
distance in the vicinity of the drop inlet crest is 
large, and there were too few piezometers to 
accurately define the pressure pattern there. 



Barrel Entrance Pressure 

Low pressures exist just inside the entrance to 
the barrel. If these pressures are low enough, they 
can induce cavitation which may, in turn, damage 
the conduit. Information to permit evaluating 
these pressures will be presented for the three 
types of barrel entrances shown in the subfigures 
of figure XII-1. 

The analysis was made in terms of the pressure 
coefficient for the spillway barrel. The pressure 
coefficient for any point n along the barrel is de- 
fined as h n /h p , where h n is the deviation from the 
friction gradeline at n and h vp is the velocity head 
in the pipe. 

Point pressures were measured at both the 
barrel crown and invert at a distance D/2 down- 
stream from the barrel entrance. Pressures were 
also measured at 17D, 33D, 49D, 65D, SID, 97D, 
113D, 129D and 137D along the barrel. 

The disturbance caused by the barrel entrance 
is almost completely damped out at 17D, so pres- 
sures at 33D and beyond were used to compute 
the friction gradeline. The least squares method 
was used for this purpose. The measured and 
least squares grade line pressures beyond 17D 
agreed to within 3 percent of the pipe velocity 
head. The least squares friction gradeline was 
projected back to the barrel entrance. The differ- 
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FIGURE XII-24. Pressure distribution on the drop inlet downstream endwall. 



ence between the hydraulic gradeline and the 
friction gradeline is h n . A more detailed explana- 
tion of h n , its significance, and its use is given on 



page 13 of Part I 13 of this closed conduit spil 1 - 
way report series. 

1L See Part I reference in Preface for complete citation. 
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FIGURE XII-24. Continued. 



(d) t c /D"0.33l 



For the square-edged entrance a data were ob- 
tained for drop inlet lengths B/D of 1.5, 2, 3 and 
5; for crest thicknesses t e /D of 0.104, 0.157, 0.242, 
0.331, 0.600 and 0.658; for antivortex plate 
heights Zp/D of 0.1, 0.2, 0.4, 0.6, and 0.8; and for 
barrel slopes S of 0.00, 0.025, 0.05, 0.10, 0.20, 0.30, 



and 0.40, For the square-edged entrance b simi- 
lar ranges of Z P /D and S were tested, but an addi- 
tional drop inlet length B/D = 1 and only one 
crest thickness t e /D = 0.500 were used. For 
the groove-edged entrance s. the ranges of B/D 
and t c /D were the same as for the square-edged 
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FIGURE X1I-2 



entrance^, but only one antivortex plate height 
Zp/D = 0.8 was used. 

Pressure coefficients are presented in figures 
XII-25, XII-26, and XII-27 for the three barrel 
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FIGURE XII-26. -Pressure coefficients at D/2 inside 
square-edged barrel entrance a. t /D n: 0.500, 
= 0.80. 



it is possible to compare the three entrances. 
From these figures it can be seen that most of the 
invert barrel entrance pressure coefficients are a 
little below the friction gradeline (h n /h vp is nega- 
tive) while the crown pressure coefficients are 
about one barrel velocity head below the friction 
gradeline. It is also apparent that the pressures 
increase as the drop inlet length B/D and the 
barrel slope S increase. The explanations for these 
increased pressures are similar to the explana- 
tions presented previously during the discussion 
of the Barrel entrance loss coefficient. 



Because it is the lower crown pressures which 
are most likely to produce cavitation, no analysis 
of the invert pressures was attempted. The crown 
pressures, however, were analyzed to evaluate the 
effect on them of crest thickness, drop inlet 
length, and barrel slope. These analyses were 
made for each entrance. 

Effect of crest thickness 

Only for the square-edged entrance a were 
data available to determine the effect of crest 
thickness on the barrel entrance crown pressure. 
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FIGURE XII-26. Pressure coefficients at D/2 inside 
square-edged barrel entrance b. t<=/D = 0.600, 
S 0.81. 
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The analysis was made for one barrel slope 
S = 0.2 the only slope for which complete data 
were available. Because there was no apparent 
systematic variation of the crown pressure co- 
efficient with the crest thickness, the working plot 
is not presented here. There is, in fact, little rea- 
son to suspect that the crest thickness would 
affect the pressures in the barrel; the available 
data confirm this reasoning. 

Effects of barrel slope and drop inlet length 

The effects of barrel slope S on the pressure co- 
efficients are shown by the slopes of the lines in 
figures XII-25, XII-26 and XII-27 for the three 
types of barrel entrances tested. The effect of 
relative drop inlet length B/D is indicated by the 
location of the lines. The straight lines shown in 
the figures can be denned by an equation having 
the general form 



7 = a 4- b S 

tlvn 



(XII-32) 



where a, the intercept at S = different for 
each line varies with the drop inlet length and 
b determines the magnitude of the barrel slope 
effect. The problem, then, is to evaluate a and b 
for each barrel entrance. 

Equation for square-edged barrel entrances. 
The lines drawn in figure XII-26 are parallel 
so the coefficient b is constant for all drop inlet 
lengths. It has a value of 0.55, 

The intercept a of the line for each B/D was 
read from figure XII-25 and an equation de- 
veloped for a. It was found that the equation best 
representing a is a = 1.365 + 0.5 Iog 10 (B/D) 
for values of B/D between 1.5 and 2.4. The drop 
inlet length had no effect on the barrel entrance 
crown pressure coefficient for values of B/D ex- 
ceeding 2.4; for drop inlet lengths longer than 
2.4D, B/D = 2.4 should be used in the equation 
fora. 

The equation representing the pressure co- 
efficient at the crown of square-edged barrel en- 
trance a at a distance D/2 inside the barrel 
entrance is 

TT- s - 1 -3*5 + 0.5 log,, 1 + 0.55 S (XII-33) 

nvp U 

for 1.6 ^ B/D S 2.4. (For B/D > 2.4, use B/D = 2.4.) 

The agreement of equation XII-33 with the 
data is shown in figure XII-25. In addition, equa- 
tion XII-33 was tested by computing values of 
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h n /hvp and comparing them with the observed 
values. The computed values of h n /h vp were lower 
than the observed values. The maximum devia- 
tion, was 0.15 h p but only 16 of the 79 computed 
values deviated from the observed valuea by more 
than 0.05 barrel velocity heads. There was no 
detectable variation of the deviations with re- 
spect to crest thickness or barrel slope, but the 
difference did increase somewhat with respect to 
antivortex plate height, the computed values for 
the lower antivortex plate heights being lower 
than the observed values. Because the magnitude 
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of the variation was small (about 0.04 h vp ), no 
attempt was made to correct for the apparent 
slight effect of antivortex plate height. 

Equation for square-edged barrel entrance k 

As in figure XII-25, parallel lines have been 
drawn in figure XII-26 to represent the crown 
pressure coefficient D/2 inside the square-edged 
barrel entrance b. The slope of these lines co- 
efficient b in equation XII-32 is 1/3, and con- 
stant a is 1.385 + 0.5 Iog 10 (B/D) for values of 
B/D between 1.5 and 2.4. 

The equation representing the pressure coeffi- 
cient at the crown of the square-edged barrel en- 
trance Jj at a distance D/2 inside the barrel 
entrance is 

'r- = - 1 -385 + 0.5 log,. ~ + |- (XII-34) 

hvp U a 

for 1.5 S B/D ^ 2.4. (For B/D > 2.4, use B/D = 2.4.) 



The agreement of equation XII-34 with the 
data is shown in figure XII-26. The agreement is 
excellent except for B/D = 1, a drop inlet length 
which does not meet the limiting design criteria. 
In addition, equation XII-34 was tested by com- 
paring the computed and observed values of 
hn/Krp. The agreement of the computed and ob- 
served values is excellent, averaging better than 
about 0.01 barrel velocity heads. Deleted from 
the average were the values obtained for drop 
inlets which do not meet the recommended cri- 
teria. The computed pressures were lower than 
the observed pressures, but the maximum differ- 
ence of 35 observations was only 0.06 barrel 
velocity heads. There was no observable trend 
of the differences with either antivortex plate 
height or barrel slope. 



Equation for groove-edged barrel entrance c. 

The lines drawn in figure XII-27 to represent 
the crown pressure coefficient D/2 inside groove- 
edged barrel entrance c diverge. This indicates 
that the drop inlet length affects the relationship 
between the pressure coefficient and the barrel 
slope. The slope of these lines coefficient b in 
equation XII-32 is b = 0.85 -0.95/(B/D) and 
constant a is 1.01 + 0.381ogi (B/D) for values 
of B/D between 1 and 2.2. 

The equation representing the pressure coeffi- 
cient at the crown of the groove-edged barrel en- 
trance c at a distance D/2 inside the barrel 
entrance is 

= - 1.01+ 0.3B lofl.,1 + (0.85 - )s (XII-36) 

for 1 ^ B/D ^ 2.2 in the second (log) term. (For 
B/D > 2.2, use B/D = 2.2.) In the third (S) 
term 1 ^ B/D ^ 5. 

The agreement of equation XII-35 with the 
data is shown in figure XII-27. Even for B/D = 1, 
a drop inlet length shorter than recommended, 
the equation well represents the data. In addi- 
tion, equation XII-35 was tested by comparing 
the computed and observed values of h n /h p . The 
agreement of the computed and observed values 
is again excellent, averaging about 0.01 pipe ve- 
locity heads. Deleted from the average were the 
values obtained for drop inlets which do not meet 
the recommended criteria. The computed pres- 
sures were both greater and less than the ob- 
served pressures, the maximum difference of 28 
observations being only +0.03 and 0.02 barrel 
velocity heads. Again, there was no observable 
trend of the differences with barrel slope. Because 
only one antivortex plate" height was used for 
these tests, the effect of antivortex plate height, 
if any, could not be determined. 
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Recommendation Summary 



The only information included in this summary 
of the results of the two-way drop inlet spillway 
tests are the recommendations for proportioning 
the drop inlet, for determining the spillway ca- 
pacity, and for evaluating the pressures. The 
bases for these recommendations can be found in 
the text. 

For convenience of use, the recommendations 
are presented in: 

Figure XII-28 for proportioning the drop inlet, 

Figure XII-29 for determining the spillway 
capacity, and 

Figure XII-30 for evaluating the pressures in 
the spillway. 



With the single exception of the minimum 
antivortex plate height, all of the results in 
figures XII-28, XII-29 and XII-30 are expressed 
in dimensionless units or in a dimensionally cor- 
rect form. Therefore, any consistent system of 
units for example, English or metric can be 
used. In dimensionless units, the criteria for mini- 
mum antivortex plate height are, for 
B/D = 1.5, Q/ Vi D 5 / 2 =: 1.30 and, for 
B/D ^2, Q/ Vg D n ' B x 0.90. To make equa- 
tions 1-1 and 1-2 dimensionally correct, add the 
terms V%g to the right side, the values of the 
dimensionless discharge coefficient C/ y^ then 
being 0.39 for C = 3.1 and 0.50 for C = 4.0. 
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Antivortex Plate 



ELEVATION SECTION 




ELEVATION 



DROP INLET HEIGHT, Z, 



3D 



DROP INLET LENGTH, B 

B* I.5D 

MINIMUM ANTIVORTEX PLATE OVERHANG, L 
Table XH-3. Minimum Antivortex Plate Overhang 



B/D 


( L o /D )minlmum 


1.5 
Z 
3 
5 
10 
* 


1.0 
0.6 
0.5 
0.4 
O.I 
0.75 



* To eliminate affect of 
antlvortex plate overhang 
on< crest loss ooef.flclent K. 



SLOPE, S 

0.2 only slop* tested 



MAXIMUM ANTIVORTEX PLATE HEIGHT, Z p 

The head pool surface elevation at which 
the weir flow and pipe flow discharges are 
equal - the Intersection of the weir and pipe 
flow head-discharge curves In, for example, 
Fig. XII-29. 

MINIMUM ANTIVORTEX PLATE HEIGHT, Z p 
Is the weir flow head ton 

Q& 7.4D'"when B-I.5D 
Qfe 5. ID*" when Bfc 2D 

or 
Table XII-2. Minimum Antlvortex Plate Height 



B/D 


( Z p /D )mtnlmum 


C3.l 


C-4.0 


1.5 
2 
3 
5 
10 


0.85 
0.55 
0.42 
0.30 
O.I 9 


'0.72 
0.47 
0.36 
0.25 
0.16 



CIs the weir flow coefficient 
In the equation 
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FIGURE XII-28. Recommended proportions of the two-way drop inlet. 
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Antlvortex Plate Flow 
.Eq.XII-l 
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FIGURE XI 1-29. Capacity of the two-way drop inlet. 
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ENDWALL 

For values of h./h 



UNDERSIDE OF ANTIVORTEX PLATE 
Eq.XII-25 ^-Eq.XII-23 




SIDEWALL 
CroBt, Eq.XII-26 
OuUlde, Eq.XII-SI 
Inside, Eqs. 
(Xtl-26)0.93 and 
[-(XI1-9-HHXII-27HXIl-ae>] 
BARREL CROWN 
Entrance Eq. 
a, XII-33 
Jl KII-34 
XII-35 



Antlvortsx plote and 
afdewall preeeures 
mdasured along this 
vertical y 




Section A-A 

ENDWALL , Interpolate (rom Fig.XII-24 
BARREL CROWN, D/2 inside the barrel for > 
Entrance a. 

h 



EQUATIONS 



'vp 



-1.368 + 0.5 ! -E- + 0.85 S 



(XM-33) 



where (or 0/0 > 2.4 , use B/D-2.4 
Entrance Jb 

h 
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-1.385+O.B 



- - 
3 



(XII-34) 



where (or B/D>2.4,uee B/D-2.4 
Entrance 

h. 



(XII-3S) 



where, In the log term, for B/D > 2.2 , use B/0-2.2 ( 
and, In the S term, I S B/D S 5 

FIGURE XII-30. Pressures in the two-way drop inlet. 
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UNDERSIDE OF ANTIVORTEX PLATE 
Inside Drop Inlet 

_ h n m _ 0-55 + 0.25 Io i0 (t e /o) 

h vr 4{Z p /D)' (XII-25) 

Outside Drop Inlet 



SIDEWALL 
Croat 



Cr8t loss coefficient, K. 



b 



h vr 32(Z p /D)(z/D) 

FIGURE XII-30. Continued, 
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(XII-23) 



"vr I J z p /Dp (V D )" S J (XII-26) 

where {4.6 - 4.25J 4 -2 

Inside Drop Inlet 

Fori/0-0.2a. U . e 0.93 n mtl th . P r e99U r on tha crest given by Eq.XM-26 
For 0.5 S z/D .5 



(xn-.i 

wher* ^1-2 -^-\ . o for negative valuet 

Correction for drop Inlet length. K n 

B/D 



1.344 (XII-27) 

where for B/D>7,uae B/D 7 j and for 

i/D - 0.8 . 0.75 , 1.0 , (.5 ,2.0 ,2.5 
b 1.0145, 1.0126, 1. 0112, 1.0090, 1.0047, I .QOOO 

Correction for crait thickness, K t /D 

/ t \-{O.IT -6,OT ~\ 

K, t/0 .(o.6a + .08^)(^.) V "' ,., 

where 0.5 5 I/D s 2.5 
Outside Drop Inlit 



Nomenclature 



a a constant, dimensionless 

A p area of barrel, in square feet 

A r area of drop inlet or riser, in square feet 

b a constant, dimensionless 

B drop inlet length, in feet 

C discharge coefficient in equation 1-1, in En- 
glish units 

C c contraction coefficient for the jet in the drop 
inlet, dimensionless 

D barrel diameter and drop inlet width, in feet 

D | width of the jet in the drop inlet, in feet 

f Darcy-Weisbach friction factor in the barrel, 
dimensionless 

f r Darcy-Weisbach friction factor in the drop 
inlet or riser, dimensionless 

g gravitational acceleration, in feet per second 
per second 

h c head loss at the drop inlet crest, in feet 

h, total head loss for the drop inlet, in feet 

h n in the barrel, the local pressure head devia- 
tion from the friction gradeline, in feet; in 
the drop inlet, the local pressure head rela- 
tive to the pressure at the same elevation 
outside the drop inlet, in feet 

h nc the pressure head on the drop inlet crest 
relative to the pressure in the reservoir at 
crest elevation, in feet 

ht head loss caused by the barrel entrance or 
transition, in feet 

h vc velocity head between the antivortex plate 
and the drop inlet crest = V C B / 2 g, in feet 

h v p velocity head in the barrel ~ V p 2 / 2g, in 
feet 

h vr velocity head in the drop inlet V r 2 / 2 g, in 
feet 

H head on crest, in feet 

Ht total head from water surface to point at 
which the hydraulic gradeline pierces the 
plane of the outlet 

H + Z + (j - p D^cos- 1 (sinS), 

or to the tailwater surface, in feet 
KB/D multiplier correction for drop inlet length, 

dimensionless 

K c crest loss coefficient, dimensionless 
K e , B Borda mouthpiece crest loss coefficient, ficti- 
tious crest loss coefficient for an infinite 
plate height based on the outside width 
of the drop inlet, dimensionless 
K, entrance loss coefficient, dimensionless 
K outlet loss coefficient, dimensionless 



K t barrel entrance loss coefficient, dimensionless 

K te ,D multiplier correction for crest thickness, di- 
mensionless 

f length of conduit, in feet 

t, length of drop inlet or riser, in feet 

L crest length, in feet 

U antivortex plate overhang, in feet 

n a specific point in the spillway 

Q discharge, in cubic feet per second 

r radius of inside corner of crest, in feet 

R r hydraulic radius of drop inlet or riser, in feet 

R Reynolds' number, dimensionless 

S conduit slope, sine 

t c crest thickness, in feet 

V c velocity between the antivortex plate and 
the drop inlet crest, in feet per second 

Vj velocity of the jet in the drop inlet, in feet 
per second 

V p velocity in the barrel, in feet per second 

V r average velocity in the riser or drop inlet, in 
feet per second 

V r , B fictitious average velocity in drop inlet based 
on the outside drop inlet width, in feet per 
second 

w unit weight of water, in pounds per cubic 
foot 

W drop inlet width, in feet 

x distance from outside wall of drop inlet, in 
feet 

z vertical distance below drop inlet crest, in 
feet, i is positive below and negative above 
the crest elevation. 

Z difference in elevation between inlet crest or 
conduit invert at inlet and centerline of 
outlet, in feet 

Z| height of drop inlet, crest to invert of barrel 
at entrance, in feet 

Z p height of antivortex plate above the drop 
inlet crest, in feet 

Ap n difference between the pressure at any point 
in the drop inlet and the static pressure 
outside the drop inlet at the same eleva- 
tion, in pounds per square foot 

/? ratio of the distance above the invert at 
which the projected hydraulic gradeline 
pierces the plane of the conduit exit to 
the conduit diameter, dimensionless 

v kinematic viscosity, in square feet per second 

a surface tension, in dynes per centimeter 
the quantity in the pointed brackets is zero 
for negative numbers 







